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Abstract: Large-scale hydrogen production by the steam reforming of long-chain hydrocarbon fuel
is highly desirable for fuel-cell application. In this work, LaNiO3 perovskite materials doped with
different rare earth elements (Ce, Pr, Tb and Sm) were prepared by a sol-gel method, and the deriva-
tives supported Ni-based catalysts which were successfully synthesized by hydrogen reduction.
The physicochemical properties of the as-prepared catalysts were characterized by powder X-ray
diffraction, high-resolution transmission electron microscopy, N2 adsorption–desorption isotherms,
H2 temperature-programmed reduction, and X-ray photoelectron spectroscopy. The catalytic perfor-
mance of the as-prepared catalysts for hydrogen production was investigated via the steam reforming
of n-dodecane. The results showed that the catalyst forms perovskite oxides after calcination with
abundant mesopores and macropores. After reduction, Ni particles were uniformly distributed on per-
ovskite derivatives, and can effectively reduce the particles’ sizes by doping with rare earth elements
(Ce, Pr, Tb and Sm). Compared with the un-doped catalyst, the activity and hydrogen-production
rate of the catalysts are greatly improved with rare earth element (Ce, Pr, Tb and Sm)-doped catalysts,
as well as the anti-carbon deposition performance. This is due to the strong interaction between the
uniformly distributed Ni particles and the support, as well as the abundant oxygen defects on the
catalyst surface.

Keywords: hydrocarbon fuels; steam reforming; hydrogen production; Ni-based catalyst; carbon
deposition; LaNiO3 perovskite

1. Introduction

A fuel cell is a device that converts the chemical energy of hydrogen fuel into electrical
energy, which has the characteristics of no combustion or Carnot cycles, a high energy
conversion efficiency, low noise levels and zero emission [1,2]. It is regarded as a clean
and efficient energy source for the 21st century. Therefore, the development of hydrogen
energy has attracted great attention from researchers from all over the world, among which,
hydrogen production via the steam reforming of fuel is a very practical method [3]. About
70% of the hydrogen in industry comes from hydrogen production via methane steam
reforming [4]. Because methane is a gas at atmospheric pressure, and its transportation and
compression costs are relatively high, hydrogen production via methane steam reforming
is not suitable for distributed or mobile small-scale automobiles and ships. Therefore, hy-
drogen production via methane steam reforming technology is more suitable for hydrogen
production in fixed areas with large methane reserves, and is not suitable for field and
mobile hydrogen production. Diesel and kerosene (long-chain hydrocarbon fuels) have
high hydrogen contents per unit volume and are present in the form of a liquid, which is
convenient for transportation and storage [5–7]. So, the reforming hydrogen-production
technology of liquid fuels such as diesel and kerosene are particularly suitable for hydrogen
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production in outdoor automobiles, ships and military submarines [8]. The development
of hydrogen production technology for the steam reforming of liquid hydrocarbon fuels
has significant implications for both mobile civilian and military equipment [9].

The steam-reforming process of liquid hydrocarbon fuels is relatively complex [10],
with the main reaction being the reaction of fuel hydrocarbon molecules with steam, as
shown in Equation (1), to form CO and H2. In addition, there are also water–gas shift
reactions (such as Equation (2)) and some reactions of carbon deposition (Equations (3)–(5)).

CnH2n+2 + nH2O = nCO + (2n+1)H2 (1)

CO + H2O = CO2 + H2 (2)

CnHm → C2H4/C3H6→C (3)

CH4 → 2H2 + C (4)

2CO → CO2 + C (5)

At present, the development of highly active and stable catalysts to improve the
efficiency of hydrogen production while inhibiting carbon deposition is the key to achieving
this process [11,12]. Among them, noble metal-based catalysts such as Ru, Pt and Rh have
attracted the attention of scientists due to their high activity and stability [13–19]. However,
because the relative scarcity and high prices of noble metals, large-scale use will inevitably
increase costs. Therefore, the development of non-noble metal-based catalysts for fuel
steam reforming has received increasing attention in recent years [20,21]. Ni-based catalysts
have become a hot research topic due to their high activity and relatively low operating
costs [22]. But, the biggest drawback of Ni-based catalysts currently is their relatively
low selectivity for reforming, which can easily be accompanied by side reactions such as
carbon deposition. In addition, due to the relatively low Taman temperature of Ni metal
(591 ◦C), and that the temperature of the reforming reaction is generally higher than its
Taman temperature, the active component Ni is prone to sintering and agglomeration,
greatly reducing the service life of the catalyst [23–25].

There are various common strategies to improve catalyst stability, such as reducing
the acidic sites of the support [26], enhancing metal–support interaction and constructing
surface oxygen defects [27,28]. Masanori et al. [29] studied the use of La2O3-modified
Ni/Al2O3 catalysts for kerosene steam reforming and found that the activity, stability
and hydrogen yield of the catalysts were increased. This is attributed to the fact that
La2O3 modification enhances the dispersion of Ni and reduces the acidic sites of the
support, thereby reducing carbon deposition. Our group [30–33] studied the use of ceria-
modified alumina or silica-supported Ni-Co bimetallic catalysts for the steam reforming
of n-dodecane. It was found that ceria modification increased the dispersion of Ni-Co,
enhanced the interaction between metal–support, and reduced the acidic sites on the
support surface, thereby increasing the activity and stability of the catalyst. In recent years,
the activity and stability of catalysts have been greatly improved by regulating the oxygen
vacancies and metal–support interactions on the support [34–36]. Owing to the extremely
important role of the support in the catalyst system, it can not only promote the dispersion
of active components, but also suppress the sintering of active metals when there is a strong
interaction between the support and metal. Among them, perovskite (ABO3) supports
are a widely used type of support [37–39]. Its A and B sites can be finely regulated and
substituted, and it has very high sintering resistance, showing good application prospects
in many fields [40]. More importantly, perovskite oxides have abundant surface oxygen
vacancies, which facilitate the activation of reactant water molecules and accelerate the
elimination of carbon-deposition intermediates, thus enhancing the activity and anti-carbon-
deposition performance of catalysts [41,42]. However, how to finely regulate the metal sites
and oxygen-defect sites of perovskites remains a big challenge at present.

Based on this, LaNiO3 perovskite materials doped with different rare earth elements
(Ce, Pr, Tb and Sm) were synthesized by the sol-gel method, and perovskite-derivative Ni-
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based catalysts were successfully synthesized by hydrogen reduction. The as-prepared cat-
alysts were systematically analyzed and characterized using wide-angle X-ray diffraction,
high-resolution transmission electron microscopy, temperature-programmed reduction, N2
adsorption–desorption, and X-ray transmission photoelectron spectroscopy. A study was
conducted on the catalytic hydrogen production via the steam reforming of n-dodecane.
The results showed that by controlling the doping of rare earth elements (Ce, Pr, Tb, and
Sm), the size of nickel metal nanoparticles and the concentration of oxygen defects on the
catalyst surface can be controlled, thereby exhibiting a different conversion of n-dodecane
and hydrogen production rates. Moreover, doping with rare earth elements (Ce, Pr, Tb,
and Sm) significantly improves the activity and anti-carbon-deposition performance of
the catalyst.

2. Experimental Section
2.1. Chemicals and Materials

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, Tianjin Guangfu Fine Chemical Research
Institute, AR), lanthanum nitrate hexahydrate (La(NO3)3·6H2O, Tianjin Guangfu Fine
Chemical Research Institute, AR), cerium nitrate hexahydrate (Ce(NO3)3·6H2O), samarium
nitrate hexahydrate (Sm(NO3)3·6H2O), protactinium nitrate hexahydrate (Pr(NO3)3·6H2O),
terbium nitrate hexahydrate (Tb(NO3)3·6H2O, Huawei Ruike, AR, Beijing, China), dode-
cane (C12H26, Tianjin China Kemio Chemical Reagent Co., Ltd., AR, Tijanjin, China), citric
acid (CA) and ethylene glycol (EG) were purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China, as were nitrogen/helium (high-purity, hexagonal gas company)
and deionized water.

2.2. Preparation of Catalysts

The catalysts were prepared by sol-gel method [41]. Taking LaNiO3 synthesis as an
example, firstly, 4.33 g (10 mmol) La(NO3)3·6H2O and 2.91 g (10 mmol) Ni(NO3)2·6H2O
were added to 100 mL deionized water and stirred evenly at room temperature. Then, we
added 4.20 g (20 mmol) of citric acid and 5.0 mL of ethylene glycol and stirred for 4 h until
the mixture was uniform. We transferred the mixed solution to a heater and heated it at
a heating temperature of 120 ◦C. The aqueous solution was removed by evaporation to
obtain gel. We transferred the obtained gel to an oven for drying for 12 h at a temperature
of 120 ◦C. After drying, a solid substance was obtained. The solid substance was ground
into a solid powder with a mortar, and then calcined at a muffle furnace with 800 ◦C for
3 h to obtain LaNiO3. Then, we placed the calcined LaNiO3 in an atmosphere furnace,
and reduced it at 650 ◦C under a 5% Vol H2/Ar mixture for 1 h to prepare the reduced
catalyst. Catalysts doped with different rare earth elements were synthesized by using the
same method, where the atomic ratio of La:Ce:Ni in LaCeNiO3 was 0.8:0.2:1, the atomic
ratio of La:Ce:Pr:Ni in LaCePrNiO3 was 0.8:0.1:0.1:1, the atomic ratio of La:Ce:Sm:Ni in
LaCeSmNiO3 was 0.8:0.1:0.1:1 and the atomic ratio of La:Ce:Tb:Ni in LaCeTbNiO3 was
0.8:0.1:0.1:1.

2.3. Characterization

The phase of structure analysis for the prepared catalyst, precursor and reduced
catalyst was carried out using Rigaku D8-Focus X-ray diffractometer from Nippon Institute
of Science Saitama, Japan. The testing conditions for a wide-angle X-ray diffractometer are
Cu target, K α Ray (λ = 0.154 nm), tube voltage of 40 kV, tube current of 200 mA, scanning
speed of 8 º/min, and scanning range of 10◦ to 80◦. The morphology and nanoparticles
of the catalyst were observed using the Tecnai G2 F20 transmission electron microscopy
(TEM) from FEI in Eindhoven, The Netherlands, with an operating voltage of 150–300 kV.
The distribution of elements was analyzed using surface scanning. The pore structure of
the material was analyzed using Micromeritics Tristar 3000 (Norcross, GA, USA), with
parameters of nitrogen atmosphere at −196 ◦C. Before sample testing, degassing and
dehydration were required at 300 ◦C. Temperature-programmed reduction was tested on
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the AMI-300 chemical-adsorption instrument (Tuggerah, Australia). Firstly, we weighed a
certain mass of a powder sample and pretreated it in an Ar atmosphere at 400 ◦C for 1 h.
After cooling to 50 ◦C, a 10% Vol H2–Ar mixture gas was introduced, and the temperature
was raised from 50 ◦C to 800 ◦C at a heating rate of 10 ◦C/min. The carbon deposition of
the catalyst after the reaction was characterized using a TQ-500 thermal analyzer (Tokyo,
Japan). Approximately 10 mg of the sample was weighed and placed in a ceramic crucible.
The temperature was raised from room temperature to 800 ◦C in an air atmosphere at a
heating rate of 10 ◦C/min to obtain the weight loss curve of the sample. The DTG data can
be obtained by first-order differentiation of the weightlessness curve. Raman spectra were
measured using a DXR Microscope system (Waltham, MA, USA). The sample (50 mg) was
loaded and excited under an argon laser (532 nm).

2.4. Catalytic Performance Evaluation

The hydrogen production via the steam reforming of n-dodecane was carried out in
a stainless-steel tubular fixed bed reactor, as shown in Figure S1. Before the reaction, the
catalyst was compressed to a pressure of 10 MPa, and then sieved to obtain a catalyst with
a mesh size of 20–40. We mixed 0.25 g of catalyst with 1.2 g of quartz sand and filled it
evenly in a stainless-steel tube with a diameter of 6 mm. We sealed it, then introduced
nitrogen gas and raised the temperature to 650 ◦C. It reduced for 1 h in a 5% Vol H2/Ar
mixture, then was switched to nitrogen to stabilize the system temperature to reaction
temperature (600 ◦C) at atmospheric pressure. We input a constant amount of water using a
high-pressure metering pump and gasified it at 300 ◦C for 15 min. Then, liquid n-dodecane
was introduced, with a feed rate of 15 mL/gcat·h. After gasification at 300 ◦C and mixing
with steam, it was uniformly introduced into the catalyst bed. After the reaction, the
product underwent condensation and drying. Then, the composition and content of the
gas phase products were analyzed online using portable micro-gas chromatography (Micro
GC-490, Agilent, Santa Clara, CA, USA). The detector for chromatography was a TCD
detector, equipped with three chromatography columns. Firstly, activated alumina columns
were used to detect hydrocarbon molecules of C3 and above. Secondly, PPU columns were
used to detect CO2, ethane and ethylene. Finally, 5 Å MS columns were used to detect H2,
N2, CH4 and CO. We calculated the conversion rate of n-dodecane based on the analysis
results of gas-phase products (Equation (6)). We calculated the yield and composition of
gas-phase products based on the analysis results (Equations (7) and (8)).

X12 (wt%) =
Fout

CO + Fout
CO2 + Fout

CH4

12Fin
c12

× 100 (6)

Gas formation rate (mmol/min) R(H2) =
AH2·fH2

AN2·fN2
×R(N2) (7)

V%(H2) =
R(H2)

∑ R(H 2+CO+CO2 + CH4)
×100 (8)

In Equation (6), the conversion of X12—n-dodecane, %. R(N2) = 60 mL/min, Fin
C12—in

total amount of carbon entering the reactor, mmol/min. Fout
CO, Fout

CO2, Fout
CH4—the total number

of C1 products in the product leaving the reactor, mmol/min. In Equation (7), R(N2) =
60 mL/min, which is the nitrogen flow rate. AH2 and fH2 represent the chromatographic
peak area and response factor of H2, respectively. AN2 and fN2 represent the peak area
and response factor of N2 obtained in the chromatography, respectively. In Equation (8),
V%(H2)—the percentage content of hydrogen gas in dry gas (excluding nitrogen).

3. Results and Discussion
3.1. Structural and Morphological Characteristics of Catalysts

The XRD patterns of the catalysts after calcination are shown in Figure 1a. After
calcination, the catalysts mainly exist in the crystal structure of LaNiO3 (PDF-34-1181)
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perovskite [37]. With the doping of rare earth elements, the diffraction peak intensity
of the crystal structure of perovskite significantly decreases, which may be due to the
heteroatom doping hindering crystal growth, resulting in a decrease in the crystallinity
of perovskite [42]. In addition, the La2O3 structure appeared after doping with rare earth
elements, and without the structure of doped oxide and nickel oxide alone. This indicates
that rare earth elements can partially replace La elements and enter the interior of perovskite
crystals and are highly dispersed in perovskite oxides.

Figure 1. XRD patterns of the catalysts that after calcination (a) and (b) catalysts after hydrogen
reduction. The symbol of ∆, ♥, ▲, ♠ and ♣ represented NiO, La2O3, LaNiO3 perovskite, CeO2 and
Ni, respectively.

The XRD patterns of the reduced catalysts are shown in Figure 1b. Due to the reduction
temperature of 650 ◦C, perovskite is easily reduced to Ni metal and La2O3 [37]. Therefore,
new diffraction peaks dominated by La2O3 appeared in the reduced catalysts, and a
characteristic peak of Ni metal appeared at 44.5 ◦C [43]. For LaCeNiO3 catalyst, in addition
to Ni and La2O3, there are also characteristic peaks of CeO2. The CeO2 peak that appeared
after reduction only for the LaCeNiO3 catalyst may be attributed to the content of Ce
in LaCeNiO3 being higher than that of other catalysts. The above results indicate that
perovskite is transformed into oxide after reduction, which can effectively load Ni metal.

The TEM results showed that the surface of the reduced perovskite-derived material
is rich in nickel nanoparticles, and some pores can be observed (Figures 2a,d and S2a).
HRTEM showed that the lattice spacing of nickel nanoparticles was 0.20 nm, and La2O3
with a lattice spacing of 0.29 nm was observed (Figures 2b,e and S2b,d), indicating that
LaNiO3 perovskite was transformed into Ni metal and La2O3 after hydrogen reduction [44].
In addition, elemental surface mapping showed that particles size of nickel is approximately
25 nm (Figure 2c). After doping with rare earth elements Ce (Figure S2e) and Pr (Figure S2f),
the particle size of nickel decreases to 20 nm (Figure 2f), indicating that rare earth doping
can reduce the particle size of nickel [45]. The above results suggested that perovskite-
derivative Ni-based catalysts can be successfully constructed.
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Figure 2. (a) TEM images and (b) HRTEM images of LaNiO3, (c) the element mapping of LaNiO3

after hydrogen reduction. (d) TEM images and (e) HRTEM images of LaCePrNiO3, (f) the element
mapping of LaCePrNiO3 after hydrogen reduction.

The N2 adsorption–desorption isotherms of the catalysts after calcination are shown
in Figure 3a. The hysteresis loop of the adsorption–desorption isotherms can be clearly
observed from Figure 3a, indicating that the as-prepared catalysts are mesoporous materials.
In addition, as the relative pressure increases, the adsorption capacity also increases,
indicating the presence of a certain amount of macropores [46]. The pore-size distribution
curve is shown in Figure 3b, and the prepared materials exhibit a dual pore-size distribution.
Among them, the mesoporous pore size is around 36 nm, and the macroporous pore size is
around 60 nm. The specific surface area, pore volume and pore size data of the catalysts
after calcination are summarized in Table 1. In Table 1, the specific surface area of the
catalysts is relatively small, and the pore size is relatively large, with an average pore size
of 14–23 nm.

Figure 3. (a) N2 adsorption–desorption isotherms and (b) pore size distributions of the as-prepared
sample.
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Table 1. The textural properties of as-prepared sample.

Sample BET Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore Size
(nm)

LaNiO3 2.84 0.65 14.29
LaCeNiO3 1.15 0.26 13.00

LaCePrNiO3 3.30 0.76 17.59
LaCeSmNiO3 3.28 0.75 23.84
LaCeTbNiO3 3.02 0.75 20.69

The H2 temperature-programmed reduction of the catalysts is shown in Figure 4.
There are three reduction peaks distributed in the low temperature, medium temperature
and high temperature regions (Figure 4). The reduction peaks belong to the reduction of
surface oxygen, LaNiO3 to LaNiO2.5, and LaNiO2.5 to Ni metal, respectively [43,44]. The
shoulder peak between 300 and 350 ◦C belongs to the reduction of surface oxygen, as
confirmed by previous work [39]. The peak intensity increases with rare earth-element
doping, suggesting increased surface oxygen vacancy. It was found that after doping
with rare earth elements, the reduction temperature of the catalysts shifted towards the
high-temperature region, indicating an enhanced interaction strength between NiO and
the support. The two main reduction peaks of LaNiO3 are at 350 ◦C and 500 ◦C. After
doping with rare earth elements, these two reduction peaks both shift towards the high-
temperature region. The two main reduction peaks of LaCePrNiO3 are concentrated at
temperatures of 425 ◦C and 513 ◦C, and the peak areas in the high-temperature region
are relatively large, indicating that the catalyst has stronger metal–support interactions.
Previous research has shown that stronger metal–support interactions contribute to the
dispersion and sintering resistance of reduced metals [47,48]. As a result, the catalyst may
exhibit good activity, stability and anti-carbon deposition.

Figure 4. H2-TPR profiles of the as-prepared catalysts.

Figure 5 shows the XPS spectra of La 3d in the samples. The peaks of 835 eV, 838.55 eV
and 852.03 eV, 855.39 eV correspond to La 3d5/2 and La 3d3/2 in LaNiO3, respectively
(Table 2). After doping with rare earth elements, the electron-binding energy of La shifts
towards the direction of low binding energy, indicating that La has obtained electrons.
The Ce-3d and Pr-3d are showed in Figure S3a and S3b, respectively. Four peaks can be
observed in the O 1s spectra of LaNiO3, LaCeNiO3 and LaCePrNiO3 (Figure 5). They belong



Catalysts 2024, 14, 186 8 of 16

to lattice oxygen (OL), oxygen vacancies (OV), surface oxygen (Osurf), and adventitious
oxygen (Oadv), respectively [42]. According to XPS peak-fitting calculations, the proportion
of lattice oxygen in the sample has increased. However, the catalyst surface is mainly
composed of oxygen vacancies, surface oxygen, and adventitious oxygen, accounting for
more than 75.2% (Table 3). In addition, the XPS results of Ni 2p were observed. The
three peaks at 852 eV, 855.5 eV and 865 eV belong to Ni0, Ni2+ and satellite peaks (Ni2+),
respectively. The binding energies of Ni0 in LaNiO3, LaCeNiO3 and LaCePrNiO3 are 852 eV,
852.1 eV and 852.16 eV, indicating that the electron-binding energy of Ni0 in the catalysts
doped with rare earth elements shifts towards lower binding energies. This indicates
that the increase in electron density of Ni0 may be explained by the enhanced strength of
the metal–support interaction, which is consistent with the results of H2-TPR. Moreover,
previous studies have indicated that the electron density of nickel enhances the activation
and dissociation of C–H bonds [49]. The ratio of Ni0/(Ni0 + Ni2+) was also calculated, and
the Ni0 ratios for LaNiO3, LaCeNiO3 and LaCePrNiO3 were about 54.1%, 55.6% and 56.8%,
respectively. This result suggests that the proportion of nickel metal in the three catalysts is
similar, excluding the influence of different nickel metal contents on catalytic performance.

Figure 5. XPS spectra of the catalysts after reduction.
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Table 2. XPS of La 3d for LaNiO3, LaCeNiO3 and LaCePrNiO3.

Sample Name Peak Position
(eV) Area Percentages (%)

LaNiO3

La 3d5/2
835 89,853.57 35.4

838.55 56,589.05 22.3

La 3d3/2
852.03 60,555.37 23.8
855.39 46,967.88 18.5

LaCeNiO3

La 3d5/2
835 60,051.57 35.8

838.59 37,870.52 22.6

La 3d3/2
851.97 41,413.96 24.6
855.47 28,454.67 17.0

LaCePrNiO3

La 3d5/2
834.83 72,638.22 35.0
838.49 47,519.36 22.9

La 3d3/2
851.99 49,820.91 24.0
855.41 37,590.91 18.1

Table 3. XPS of O 1s for LaNiO3, LaCeNiO3 and LaCePrNiO3.

Sample Name Peak Position
(eV) Area Percentages (%)

LaNiO3

OL 528.9 13,140.8 19.1
OV 530.82 26,106.83 37.9

OSurf 531.69 17,864.29 25.9
Oadv 532.51 11,747.81 17.1

LaCeNiO3

OL 528.81 10,728.15 20.0
OV 530.85 18,226.5 33.9

OSurf 531.66 14,346.38 26.7
Oadv 532.4 10,391.31 19.4

LaCePrNiO3

OL 528.95 16,498.19 24.8
OV 530.91 23,063.9 34.8

OSurf 531.74 16,776.45 25.2
Oadv 532.6 10,121.5 15.2

3.2. Catalytic Performance for H2 Production

Figure 6 shows the conversion rate and gas production rate of n-dodecane steam
reforming catalyzed by the catalysts. As shown in Figure 6a, the initial conversion of
n-dodecane on LaNiO3 catalyst was 53.5%, and the yield of hydrogen was 4.99 mmol/min.
After 150 min of reaction, the conversion rate of n-dodecane decreased to 43.2%, and the
yield of hydrogen was 3.87 mmol/min. The conversion of n-dodecane and the yield of
hydrogen decreased by 19.2% and 22.44%, respectively. After the adding of Ce, the stability
of the catalysts was significantly improved, with a conversion rate of 51.3% for n-dodecane
and a hydrogen yield of 5.35 mmol/min for LaCeNiO3. And, the conversion rates of
n-dodecane on LaCePrNiO3, LaCeTbNiO3 and LaCeSmNiO3 catalysts were 70%, 55% and
65% (Figure 6f), respectively. Especially for the LaCePrNiO3 catalyst, the conversion was as
high as 70%, and the yield of hydrogen reached 5.9 mmol/min. After 300 min of reaction,
there was no significant decrease in the conversion and hydrogen-production rate. This
result indicates that the activity, stability, and hydrogen-production rate of the catalyst were
significantly improved after doping with rare earth elements.



Catalysts 2024, 14, 186 10 of 16

Figure 6. The conversion of n-dodecane and gas product rate for (a) LaNiO3, (b) LaCeNiO3,
(c) LaCePrNiO3, (d) LaCeTbNiO3, (e) LaCeSmNiO3 and (f) comparison of the conversion of n-
dodecane. Reaction condition: 600 ◦C, 0.1 MPa, LHSV of C12H26 15 mL/gcat·h, with mole ratio of
H2O:C12H26 at 24.

The composition of gas-phase products is shown in Figure 7, where the composition of
H2 in dry gas was about 70%, and the proportion of CO and CO2 reached about 10–20% [15].
This result is consistent with the previously reported results of hydrogen production via
the steam reforming of n-dodecane. The proportion of CO in LaNiO3 gradually decreases,
indicating that its catalytic activity is also gradually decreasing, which is consistent with
the results in Figure 6a. The catalyst doped with rare earth elements showed almost no
significant change in gas-phase composition, indicating the good stability of the catalyst.
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Figure 7. The relative contents of the gas products for steam reforming of n-dodecane. (a) LaNiO3,
(b) LaCeNiO3, (c) LaCePrNiO3, (d) LaCeTbNiO3 and (e) LaCeSmNiO3. Reaction condition: 600 ◦C,
0.1 MPa, LHSV of C12H26 15 mL/gcat·h, with mole ratio of H2O:C12H26 at 24.

We also tested the performance of the catalysts under the condition of H2O:C12H26
mole ratio of 48, as shown in Figure 8a,b. The initial conversion rate of n-dodecane using
the LaNiO3 catalyst was 58%, and the yield of hydrogen gas was 5.1 mmol/min. After
270 min of reaction, the conversion rate increased to 70% and the hydrogen production
rate increased to 5.88 mmol/min, indicating that increasing the amount of water in the
reaction can greatly improve the conversion, hydrogen production rate and stability. The
LaCePrNiO3 catalyst has a conversion rate of up to 88% and a hydrogen gas yield of
6.6 mmol/min. After 300 min of reaction, there was no significant decrease in conversion
rate and hydrogen-production rate. This result indicates that the activity, stability and
hydrogen-production rate of the catalyst have been significantly improved after doping
with rare earth elements.
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Figure 8. The conversion of n-dodecane and gas-production rate for (a) LaNiO3 and (b) LaCePrNiO3.
Reaction condition: 600 ◦C, 0.1 MPa, LHSV of C12H26 15 mL/gcat·h, with mole ratio of H2O:C12H26

at 48.

3.3. Analysis of Carbon Deposition on Catalyst after Reaction

The carbon deposition on the surface of the catalysts after the reaction was analyzed
by using thermogravimetric techniques, and the results are shown in Figure 9 (solid line).
The weight-loss rate of the LaNiO3 catalyst was 33%, indicating the presence of a large
amount of carbon deposition on the surface of the catalyst after the reaction [50]. After
the introduction of rare earth element Ce, the weight-loss rate of the LaCeNiO3 catalyst
was significantly reduced. Its weight-loss rate was 20%, indicating that the introduction
of rare earth Ce doping reduces carbon deposition. Further introduction of other rare
earth elements reduces the weight-loss rate of the catalyst to a certain extent, indicating
a further reduction in carbon deposition. Especially when Ce and Pr were co-doped, the
weight-loss rate was only 10%. The above results indicate that the introduction of rare
earth dopants significantly reduces the carbon deposition of the catalyst, suggesting a
significant improvement in the catalyst’s anti-carbon deposition performance. This can
be attributed to the points as follows: firstly, the addition of rare earth elements leads to a
stronger metal–support interaction, resulting in smaller nanoparticles size of nickel metal.
The presence of smaller nickel nanoparticles helps to suppress the formation of carbon
deposition. Secondly, the addition of rare earth elements results in abundant oxygen defects
on the surface of the catalyst (H2-TPR and O 1s XPS), which helps to eliminate carbon
deposition.

Figure 9. The TG and DTG analysis of the spent catalysts.
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The differential thermal analysis of the catalyst after the reaction is shown by the
dashed line in Figure 9 (dashed line). The temperature for carbon deposition elimination
was concentrated at 610 ◦C for LaNiO3 catalyst, and its peak intensity was the highest, indi-
cating the highest amount of carbon deposition. After the introduction of rare earth-element
doping, the peak intensity of carbon deposition significantly decreases, and the elimination
temperature of carbon deposition moved towards the low-temperature range [51]. The
temperature for the LaCePrNiO3 catalyst eliminates carbon deposition was 596 ◦C. This
result indicates that introducing rare earth-element doping makes it easier to eliminate
carbon deposition. Therefore, catalysts with low carbon deposition display good catalytic
performance, as shown in Figures 6 and 8.

In addition, the SEM images of the spent catalysts of LaNiO3 and LaCePrNiO3 are
shown in Figure S4. Obviously, LaNiO3 possessed much more carbon deposition than that
of LaCePrNiO3, suggesting that rare earth-element doping can effectively eliminate carbon
deposition, which was also verified by the above TG/DTG result.

The Raman spectra of the catalysts after the reaction is shown in Figure 10. The
range of 1000 cm−1 to 1800 cm−1 is the characteristic Raman peak of carbon deposition. At
1350 cm−1, it represents an amorphous carbon abbreviation (D band) with many defects [52].
And at 1598 cm−1, it represents a planar C-C (sp2) bond-stretching vibration, which is a
graphitized carbon (G band) [53]. The ID and IG of the LaNiO3 catalyst have very strong
peak intensities, indicating a severe carbon deposition on the catalyst surface, with ID: IG =
1.51. The intensity of ID and IG in rare earth Ce-doped catalysts is significantly reduced,
especially in Ce- and Pr-co-doped catalysts (LaCePrNiO3). The intensity of its peak is
weak, and ID: IG = 1.23. The decrease in this ratio also indicates that the elimination of
carbon deposition is easier. This result is consistent with the TG and DTG analysis results
mentioned above, indicating that the catalyst doped with rare earth elements has abundant
oxygen vacancies, and the presence of oxygen vacancies is very effective in eliminating
carbon deposition. Therefore, the catalyst doped with rare earth elements significantly
enhances its ability for anti-carbon deposition.

Figure 10. Raman spectra of the spent catalysts.

4. Conclusions

In a word, LaNiO3 perovskite materials doped with different rare earth elements (Ce,
Pr, Tb and Sm) were prepared by a sol-gel method, and perovskite-derivative-supported
Ni-based catalysts were successfully synthesized by hydrogen reduction. The physical and
chemical properties of the prepared catalysts were characterized using various techniques.
The results showed that the calcined catalyst existed in a perovskite oxide structure, with
abundant mesopores and macropores. By controlling the doping of rare earth elements (Ce,
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Pr, Tb and Sm), the strength of the metal–support interaction, the size of the nickel metal
particles, and the ratio of the lattice oxygen to surface oxygen on the catalyst surface can be
controlled. After reduction, Ni metal nanoparticles are uniformly distributed on perovskite
derivatives, and doping with rare earth elements (Ce, Pr, Tb and Sm) can effectively reduce
the particle size of Ni metal. The prepared catalysts were used for hydrogen production
via the steam reforming of n-dodecane. The results showed that compared to the un-doped
catalyst, the activity and hydrogen production rate of the catalysts doped with rare earth
elements (Ce, Pr, Tb and Sm) were significantly improved. The LaCePrNiO3 catalyst has the
highest activity. At 600 ◦C, H2O/C = 4 and the liquid hour space velocity of 15 mL/gcat·h,
the conversion rate of n-dodecane reached 88%, and the hydrogen-production rate reached
6500 umol/min. After 270 min of reaction, the catalyst performance did not significantly
decrease. The catalyst doped with rare earth elements significantly enhanced its ability
for anti-carbon deposition, as verified by TG/DTG and Raman spectra. The reason for
the high catalytic performance of LaCePrNiO3 was attributed to the strong metal–support
interaction between uniformly distributed Ni particles and the support, as well as the rich
surface oxygen concentration of the catalyst. This work provides a simple method for
preparing Ni-based catalysts with high activity and anti-carbon deposition performance
for hydrogen production via the steam reforming of fuel.
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