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Abstract: The steam reforming of methane (SRM) reaction is a significant process for efficient syngas
generation and for promising distributed hydrogen production. In this work, a series of LaNiO3
oxides were prepared using the Pechini method, calcined from 600 °C to 900 °C and tested for the
SRM reaction. Fresh, reduced, and used samples were characterized using STA-MS-FTIR, in situ
and ex situ XRD, N, physical adsorption, Hy-TPR, TEM, TPO, and Raman. The results show that
LaNiOj3 begins to crystallize at about 550 °C, and the increase in calcination temperature results in the
following differences in the properties of the LaNiO3 samples: larger LaNiO3 grains, smaller specific
surface area, higher reduction temperature, smaller Nif grains reduced from the bulk phase, and
stronger metal-support interaction. The maximum CHy conversion could be achieved over LaNiO3
calcinated at 800 °C. In addition, the effect of steam-to-carbon ratio (S/C) on the performance of the
SRM reaction was studied, and a S/C of 1.5 was found to be optimal for CH4 conversion. Too strong
a metal-support interaction and too much unreacted steam causes a loss of catalytic activity. Finally,
it was also proved using TPO and Raman that an increase in calcination temperature improves the
carbon deposition resistance of the catalyst.

Keywords: steam reforming of methane; perovskite; LaNiO3; Pechini method; calcination temperature

1. Introduction

Due to the continuous exploration of shale gas, combustible ice, and other natural
gas (NG) resources, as well as the established mature infrastructure for the utilization of
NGs, the reaction process of the steam reforming of methane still plays an important role
in both the conventional manufacturing of syngas for subsequent liquid hydrocarbons
and chemicals, and distributed hydrogen production with a combined use of fuel cells.
Nickel-based catalysts are most commonly used for the SRM reaction because of their low
cost, wide availability, and high activity comparable to noble metals. However, this type of
catalyst is easily deactivated on account of sintering and/or carbon deposition, especially
at a high reaction temperature [1-3]. Therefore, excessive steam is generally added to
reduce or prevent coke deposition in industry, which leads to more energy input for water
vaporization and water resource consumption. Thus, it is necessary to develop catalysts
with a higher activity and less carbon deposition at lower S/C.

In addition to conventional catalysts, perovskite-type oxides (PTOs) have been widely
used in a number of chemical reactions in recent years, including environmental cataly-
sis [4], oxidation reactions (for CO and hydrocarbon) [5-7], reduction reactions (mainly
for NO) [8-10], electrocatalysis as anode materials in solid oxide fuel cells (SOFCs) [11],
and photoelectric conversion catalysis [12]. Owing to their excellent catalytic activity
in reforming reactions, this type of oxide, with the general formula of ABOj3, has also
served as the precursor for various reactions used to produce syngas [13-20] by generating
well-defined crystalline oxide and subsequent highly dispersed metal particles through
controlled exsolution from the bulk phase. In ABO3, the B-site is usually occupied by a
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catalytically active transition metal, while the A-site metals are mainly alkali, alkaline earth,
and rare earth metals that are related to catalyst stability and that can interact with B-site
elements to alter catalytic performance [20,21]. In addition to simple perovskite-type oxides,
partially substituted PTOs have been employed to favor the interaction between different
metallic species and between reduced metal particles and metal support oxides [22-27]. For
example, Co could be inserted into LaNiO3, and Ni-Co alloy is produced after LaNij xCox
is reduced by Hy, which promotes a high metal dispersion on the La,O3 support and better
catalytic stability [28-31]. Some researchers have also found that Ni catalysts generated
from the ex-solution of perovskite-supported metal, such as LaMnO3, LaFeO3, and ATiO3
(A=Ca, Sr, and Ba), showed superior resistance against coke formation in reforming reac-
tions because the metal cations could reversibly enter the perovskite lattice to maintain
high metal dispersion [32-37].

LaNiO;, as a typical perovskite-type oxide applied in reforming reactions, has been
prepared using various methods, including solid state reaction, solution combustion, the
Pechini method, the co-precipitate method, the hydrothermal method, the spray pyrolysis
method, and so on [11]. Among these preparation approaches, the Pechini method is highly
popular due to its simple operational procedure, controllable stoichiometry, high product
purity, and strong reproducibility. Hence, it is employed to obtain the final LaNiO3 oxides
herein. No matter what preparation method is adopted, the acquisition of the perovskite
phase is the last step and the calcination temperature is the most critical process parameter.
It has been reported in several studies that LaNiOj3 exhibits a varying catalytic performance
in reactions resulting from different calcination temperatures, which is induced by the
different structures of calcinated and final products [13,15,38—40]. A study from the re-
search group of Lina [41] has shown that calcination temperature would influence the Ni
dispersion, metal-support interaction, and surface oxygen species of LaNiO3. Daniela and
coworkers [42] have suggested that some microstructural and superficial features, such
as the Ni** /Ni?* ratio and anionic vacancy presence, vary as a function of the calcination
temperature of LaNiO3. A study by Sang has shown that the most suitable calcination
temperature of LaNiOj3 in the SRM reaction was 700 °C, but the influence of calcination
temperature was not discussed in depth. Thus, no systematic and comprehensive study on
LaNiOj3 calcinated at different temperatures has been carried out in the SRM reaction so far.
By changing the calcination temperature of the perovskite phase, this work brought in a
temperature-programmed analysis of dry gel, including a thermal analysis and a phase
analysis, investigated the structural changes of perovskite oxides related to the calcination
temperature through a series of material characterizations, and determined the optimal
treatment temperature of the preparation process considering the activity and resistance to
carbon deposition in the SRM reaction.

2. Materials and Methods
2.1. Catalysts Preparation

A series of LaNiO3 samples were prepared through the Pechini method [39,43], and
then calcinated at different temperatures. Stoichiometric nitrates including La(NOs3)3-6H,O
(Aladdin, 99.99% purity) and Ni(NOs),-6H,O (Xilong Chemical engineering, 98% purity)
were dissolved with deionized water and citric acid (CA, General-reagent, 99.5% purity)
was added under magnetic stirring with the ratio of CA to total metal cations equal to 1.2.
After stirring for 1 h, ethylene glycol (EG:CA = 1:1) was added to the above solution and
the temperature of oil bath increased to 80 °C to promote chelation and polyester reaction.
A sponge-like green gel was produced after 4 h treatment and transferred to a drying
oven to dry at 110 °C overnight. Then, the obtained dry gel was crushed into powder and
calcinated in a muffle furnace. At first, the temperature was raised to 400 °C with a heating
rate of 5 °C/min, and kept for 2 h to promote the decomposition of organic components.
Then, the temperature increased to various pre-set temperatures, including 600 °C, 700 °C,
800 °C and 900 °C, and maintained for 5 h to ensure the formation of perovskite-type
oxides. The obtained perovskite oxides were denoted as LNO-C600, LNO-C700, LNO-C800
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and LNO-C900, respectively. Such calcination temperature was selected on the basis of an
analysis of the decomposition of the precursor in the air atmosphere.

2.2. Catalysts Characterization

After drying at 110 °C, the gel precursor was characterized with an STA-MS-FTIR
(simultaneous thermal analysis mass spectrometer Fourier transform infrared spectrometer)
connected system (STA449F3-QMS403C-VERTEX70V, from NETZSCH in Germany) to test
weight change, heat effect, and burnt-off gas products with the increase in temperature.
Approximately 12 mg dry gel was added to an alumina crucible and the temperature
was increased from room temperature to 900 °C with a heating rate of 10 °C/min in air
atmosphere. The flow rate of air was 50 mL/min. In the mass spectra, the ion current
intensities at m/z = 18, 28, 30, 44 and 46 were used to represent the concentrations of
H,0O, CO, NO, CO,, and NOy, respectively. The absorbances at 1510, 2178, 1832, 2358, and
3073 cm~! in the FTIR spectra were selected to stand for the concentration of H,O, CO,
NO, CO;, and NO,, respectively.

In situ and ex situ X-ray diffraction (XRD) characterizations were carried out at a
Bruker D8 ADVANCE diffractometer, using a Cu K« radiation source (A = 0.154 nm), and
diffraction patterns were collected from 5° to 90° with a pace of 5°/min. Samples could
also be placed in an alumina sample holder with programmable heating in hydrogen or
air atmosphere to conduct in situ XRD measurement, with the temperature ranging from
room temperature to 850 °C (the heating rate of 12 °C/min). The gas flow rate of hydrogen
or air could be controlled at 10 mL/min with a mass flowmeter controller. The phase of
the samples was identified by searching the JCPDS database and comparing the obtained
patterns. The Scherrer equation was utilized to calculate the average crystallite size, where
the value of k, shape factor, was 0.9.

N, adsorption—desorption analyses were performed to measure the specific surface
area of prepared samples using a physical adsorption instrument (QUADRASORB SI,
from Quantachrome Instruments in America) at 77 K, and the samples were previously
degassed in vacuum to remove water and organic impurities at 300 °C for 16 h. The
relative pressure (denoted by P/Py) set for these measurements was 0.01-0.99. The BET
(Brunauer-Emmett-Teller) model was used to calculate the specific surface area of the
calcinated samples.

Temperature-programmed experiments including TPR and TPO were performed at
a FTIR (Nicolet-is50, from Thermo Fisher Scientific in America) to detect the changes in
H,O or CO, concentration as the temperature increased. A total of 50 mg fresh sample
was loaded in a quartz-tube reactor with an inner diameter of 4 mm under atmospheric
pressure and pretreated at 400 °C under 20 mL/min Ar for 30 min to remove water from
the calcinated samples. Cooling down to room temperature, the gas was switched to a
20 mL/min Hy/Ar (20%) mixture gas to conduct the TPR process, and the absorbance at
1510 cm ! marking the evolution concentration of H,O was recorded when the temperature
increased from room temperature to 900 °C with the heating rate of 10 °C/min. A total of
5 mg of the used sample was used and the carbonate was removed at 700 °C in Ar with a
flow rate of 20 mL/min for 60 min. After cooling down to room temperature, 20 mL/min
air/Ar (50%) was employed to oxidize the carbon deposition possibly existing in the spent
catalysts to produce the absorbance at 2358 cm~! involving CO, when the temperature
increased to 900 °C with the heating rate of 10 °C/min.

TEM (transmission electron microscopy) images and EDS (energy dispersive spec-
troscopy) element mappings were obtained using JEM-2010 (from JEOL in Japan) operating
at 200 kV. Samples for TEM were prepared by dispersing the sample with ethanol in an
ultrasonic bath for 30 min to achieve a homogeneous dispersion and evaporating a drop of
suspension in a carbon-coated copper grid at 80 °C for 10 min before observation.

Raman spectra were collected on a Raman spectrometer (LabRam HR Evolution
Raman Spectrometer, from HORIBA Jobin Yvon in France) using a He-Ne laser (532 nm,
2 mW) under ambient conditions to probe into the nature of carbon formed during the
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SRM reaction, with the wavelength region scanned ranging from 1000 to 2000 cm~!. The
integration time was 60 s for each spectrum.

2.3. Catalytic Performance Evaluation

The catalytic performance of LaNiO3 perovskite oxide, calcined at different temper-
atures, was tested for the SRM reaction. The reforming reaction was carried out in a
continuous flow quartz-tube reactor with an inner diameter of 4 mm operated at atmo-
spheric pressure. A certain amount of catalyst was loaded into a quartz reactor and fixed in
place with quartz wool for each test. Before the reaction, the catalysts were reduced in situ
in 10 mL/min H, at 850 °C for 2 h. Next, the reactant of the CHy/H,O mixture was fed into
the reactor at a flow rate of 10 mL/min of methane, with the S/C ratio ranging from 1 to 3.
At the outlet of the reactor, unreacted steam was removed through a condenser, and the
concentration of gaseous reaction products was analyzed online with a gas chromatograph
(SHIMADZU 2010) equipped with a TCD and an FID.

3. Results and Discussion
3.1. Formation of LaNiO3 upon Calcination of the Gel Precursor in Air
3.1.1. The Thermal Decomposition Analysis of the Dry Gel

In order to analyze the changes in composition and phase of the gel precursor (after
the drying step at 110 °C overnight) during calcination, the dry gel was tested using STA-
MS-FTIR in air atmosphere to obtain information including weight loss, thermal effect, and
volatilized and/or decomposed gas products with the increase in temperature, which were
helpful to clarify the physical or chemical processes occurring at different temperature
scopes, and preliminarily determine the appropriate calcination temperature program.

The simultaneous thermal analysis results of TGA and DSC for dry gel prepared
using the Pechini method are shown in Figure 1a, and the total weight loss of the gel is
about 70% [44]. The Gram-Schmidt curve (GS curve for short) obtained through infrared
spectroscopy is shown in Figure 1b, which shows that the total concentration of the evolving
gas components over temperature corresponds significantly with the DTG curve, i.e., the
first derivative of the TG curve. The components, including the H,O, CO,, CO, NO,,
and NO that are possible in exhaust gas, were monitored using mass spectrometry and
infrared spectroscopy. Since the information obtained using the two methods was fairly
consistent, the concentration of gas products acquired through mass spectrometry was
used representatively to reveal the thermal decomposition behaviors in Figure 2.

Considering the weight loss rate, thermal effect, and exhaust gas composition in each
period, the thermal decomposition may be distinguished as follows (details tabulated in
Table 1). The first thermal event mainly occurred up to 140 °C (endothermic peak in the DSC
curve), with only water in the gas product. This stage is related to the removal of adsorbed
water or coordinated water in the gel powder, accompanied by 2% weight loss [45,46].
In the second one, between 140 and 360 °C, the TGA curve became steep, representing
a significant weight loss of ca. 38%, and NO, CO,, and H,O were detected in the tail
gas. No obvious NO; and CO signals were detected, indicating that NO and CO, are the
main products of nitrate decomposition and organic oxidation, respectively. Therefore, the
endothermic nitrate decomposition reaction and the exothermic organic oxidation process
(mainly side-chain groups) occur simultaneously in this scope, but the overall effect is
endothermic, which is due to the stronger reaction intensity of the former than that of
the latter. The third process, from 360 to 570 °C, underwent a serious weight loss of ca.
28%, and the ionic strengths of the main products (CO, and H,O) monitored through mass
spectrometry increased greatly compared with the previous stages. This is attributed to the
combustion of organic matter, along with an intense exothermic peak in the DSC curve [47].
The fourth period, from 570 to 700 °C, with an evolution of a small amount of CO; as the
only product, is ascribed to the decomposition of lanthanum oxycarbonate, which is the
outcome of a basic lanthanum cation and CO; from organic compounds oxidation [48].
In addition, the preliminary formation of the LaNiOj3 crystalline phase took place during
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this process [39], which could be verified in the following in situ XRD spectra of powder
precursor in air atmosphere. Above 700 °C, there is no further weight loss [49], and no
gaseous product has been detected using MS and FTIR, demonstrating that organic species
have been burned out. In summary, the whole process consists in hydrate dehydration,
the decomposition of anhydrous lanthanum citrate to an oxycarbonate, and a final phase
transformation from lanthanum oxycarbonate to lanthanum-nickel oxide.

Weight (%)
Heat flow (mW/mg)

20 {4

(a)

00 800

200 200 w00 200 200 200 6
T(°C) T(°C)

Figure 1. Simultaneous thermal analysis of gel precursor during heating in air: (a) TGA-DSC curve
(endo down); (b) DTG-GS curve.
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Figure 2. Evolution concentration of gas products with temperature during heating in air.

Table 1. The thermal events of the dry gel during heating in air atmosphere.

T (°C) Weight Loss (%) Gas Products Heat Effect Thermal Events
Step 1 30-140 2 H,O - Dehydration
Step 2 140-360 38 CO,, H,0, NO - Decomposition of nitrate;
oxidation of organic groups
Oxidation of organic
Step 3 360-570 28 CO,, H,O + components; LaNiO3
crystallization
Decomposition of
Step 4 570-700 2 CO, — lanthanum oxycarbonate;
LaNiOj crystallization
Step 5 700-900 0 None — LaNiOj crystallization

(+): exothermic; (—): endothermic.

As can be seen from the above analysis, the processes of nitrate decomposition and
oxidative combustion of organic matter occur mostly within 400 °C. Thus, it is necessary to
maintain a constant temperature at 400 °C for 2 h with the purpose of a full decomposition
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and oxidation reaction. The intermediate phase, i.e., lanthanum oxycarbonate, is produced
in the temperature-programmed process, and it is completely decomposed within 700 °C.
As for more exact temperature when the LaNiOj crystalline phase appears, it needs to be
further explored through an in situ XRD experiment in air atmosphere.

3.1.2. The Crystallization of LaNiO3 Crystalline Phase

To complement the thermal analysis results obtained using STA-MS-FTIR, an in situ
XRD test of the gel precursor was carried out in flowing air in a reaction chamber with
temperature ranging from room temperature to 600 °C. The diffraction patterns of the
powder precursor at different temperatures are illustrated in Figure 3. The gel shows up in
an amorphous pattern until 450 °C, when some peaks begin to appear due to the crystalline
phase, in accordance with ex situ XRD diffractograms in some other research [44,46]. The
crystalline signals result from lanthanum oxycarbonate, i.e., LayO,CO3, which is a common
type of oxide in the presence of basic cations in atmosphere containing CO,, mentioned
in some earlier research on lanthanum oxide [45,47,48]. Continuing to heat up to 550 °C,
weak diffraction peaks corresponding to the LaNiOj crystalline phase appear at 32.7 and
47.2° [44] and NiO at 37.3 and 43.3°. As the temperature continues to rise, LayO,CO3
decomposes further to yield the final oxide LaNiOj3. Since the complete decomposition of
carbonate oxide and the crystallization of perovskite require a continuous high-temperature
treatment of several hours, the temperature of the thorough disappearance of the La;O,CO3
phase is not further studied here; we resort instead to ex situ XRD characterization, which
is more realistic after consecutive calcination at a certain temperature.

) T Crystalline phase
300 °C
Amorpphis
400 °C
450 °C
475 °C
La,0,C0,
500 °C
‘ 525°C
| 550 °C
I
| 575 °C La,0,C0O;; LaNiO;

Intensity (a.u.)

Mgt Ny
'\"M"‘U \W“‘Wﬂ'\w

g ‘ iy, T

S e i

M "?’ T Ty
N’“ s gL TN R

MM%W

26 (°)

Figure 3. In situ XRD patterns of gel precursor during heating in air: diffractograms taken from 300
to 600 °C from bottom to top (#-LaNiOj3; 0-NiO; vr-La,O,CO3).
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With the aim of pure perovskite composition, the calcination temperature should
be set above 600 °C at least according to Figure 3. Based on that, 600 °C, as a boundary
temperature, was established as the lowest one used for calcination of LaNiO3. Considering
also the STA-MS-FTIR results, which show that the decomposition process in fact proceeds
until 700 °C, a series of calcination temperatures were chosen to prepare the catalysts.

3.2. Physical Properties of Calcinated LaNiO3z Oxide

After analyzing the preparation process of the Pechini method, LaNiO3 samples calci-
nated at different temperatures (600-900 °C) were characterized using XRD to investigate
the effect of calcination temperature on the LaNiOj3 crystalline phase, with patterns shown
in Figure 4. For samples treated at higher temperatures (>700 °C), only pure perovskite
phase indexed perfectly to JCPDS No.33-0711 was detected, which also indicates the proper
application of the synthesis method*. In addition to the perovskite phase, the LNO-C600
sample also shows a weak diffraction peak of NiO'®> marked with a hollow circle at 43.3°
(indexed to JCPDS No.78-0643), demonstrating that part of the La and Ni components were
not combined into the perovskite crystalline phase, and the intensity of the diffraction peak
with burrs was relatively low, which reveals the poor crystallinity of oxide [39]. With the
increase in calcination temperature, the peak of the perovskite structure was significantly
enhanced, and also became sharper, which suggests more complete crystallization, that
is, the structure of LaNiOj3 is more perfect [15]. Furthermore, the grain size of the LaNiO3
crystalline phase can be calculated using the Scherrer equation based on the most intense
peak of the XRD pattern at 32.7°. The results are summarized in Table 2, showing that the
crystal size of LaNiOj3 increased from 10.0 to 17.9 nm with calcination temperature [46,50].
The calculated cell parameters of each sample are also shown in Table 2. It has been re-
ported that unit cell volume is concerned with atomic distance and bond length. Therefore,
it could be inferred that increased calcination temperature reduces the length of the La-O
and Ni-O bonds, thus affecting the corresponding bond strength.

1 |
I | \ LNO-C900
3
s
2 LNO-C800
®
g f\
£ Lo
£ A LNO-C700
A LNO-C600
#33-0711

20 40 80

20 (o) 60

Figure 4. XRD patterns of LaNiO3 samples calcined at different temperatures (o-NiO).

Table 2. Summary of significant properties of calcinated and reduced samples.

Distorted Rhombohedral

Sample  SSAgpr/m?.g-1 D(LaNiOs)/nm Symmetry DNi%nm T (PI:;‘(;‘/?&"“
alA oA V/A3
LNO-C600 10.79 10.0 5.474 6.738 169.84 30.0 305; 349; 514
LNO-C700 8.033 13.9 5.453 6.636 169.20 265 370; 526
L.NO-C800 4579 15.8 5.440 6.585 168.79 28 387: 536
LNO-C900 2544 17.9 5.430 5.579 168.15 19.8 387: 545
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The above results indicate that the increased calcination temperature can promote the
crystallization process of perovskite oxide and enhance the ionic bond strength of LaNiOs.
The higher the calcination temperature, the larger the crystal size of LaNiOj3 [50,51].

The textural properties of fresh catalysts were studied using the N, physical absorption
analysis shown in Figure 5. Type III adsorption isotherms, with Type H3 hysteresis during
the desorption process, could be obtained in all the samples, indicating non-porous or
macroporous materials. Consistent with the conclusions of related studies [15,39,52], the
specific surface area of perovskite was generally less than 10 m?-g 1, due to the fact that
high-temperature calcination is necessary for the crystallization of perovskite-type oxide.
For the samples calcined at different temperatures, the specific surface area decreased
markedly from 10.796 m2-g~! of LNO-C600 to 2.544 m?-g~! of LNO-C900 (in Table 2),
which is attributed to particle sintering caused by higher temperature, corresponding with
XRD characterization results in Figure 4.

40 40
LNO-C600 LNO-C700
30 30
° °
E 20 E 20
® ®
> >
10 10
0 0
16 8
LNO-C800 LNO-C900
In
0 g
12 6F
g
) o ]
E s =
w ©
> >
4t 2}
0 0

Figure 5. N; adsorption—desorption isotherms of LaNiO3 samples calcinated at different temperatures.

3.3. Reducibility of Calcinated LaNiO3z Oxides

Since the active component of the SRM reaction is reduced nickel metal located on the
surface of catalyst, the reductive activation of LaNiO3 should be completed in the reducing
atmosphere before methane conversion, transforming perovskite into metal supported on
oxide. Therefore, the crucial reduction properties of the LaNiOj3 crystalline phase were
studied using H,-TPR and in situ XRD in H, atmosphere [53,54], with the purpose of
illuminating the reduction process and reduction results of samples obtained at different
calcination temperatures.
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The Hp-TPR profiles of LaNiO3; samples are shown in Figure 6, where LNO-C600 has
three reduction peaks, while the samples calcinated at temperatures above 700 °C have
two peaks. Referring to the XRD characterization of LNO-C600 and in situ XRD in air,
it can be known that there is still a certain amount of NiO present in the sample after
600 °C calcination, which is not combined with the stoichiometrically corresponding La
component. Thus, there is the reduction process of free NiO phase, corresponding to the
reduction peak in the left, at about 300 °C [13,55]. The remaining two peaks are consistent
with those of other samples calcined at higher temperatures, which are attributed to the
reduction of LaNiOj3, but the positions shift. To be specific, the higher the calcination
temperature of LaNiOs;, the higher the reduction temperature [56-58]. In terms of the
high-temperature reduction peak of LaNiOj3, the temperature varies from the 514 °C of
LNO-C600 to the 526, 536, and 545 °C of LNO-C700, LNO-C800, and LNO-900, respectively,
which demonstrates more the difficult reduction process of LaNiO3 with the calcination
temperature increasing. This phenomenon can be explained by the enhanced La-O-Ni
ionic bond strength in the perovskite phase owing to the higher calcination temperature,
deduced from the cell parameters of samples in XRD characterization, which makes it more
difficult to extract Ni from bulk oxide.

LNO-C900

LNO-C800

LNO-C700

H,O signal (a.u.)

LNO-C600

200 300 400 500 600 700
T (°C)

Figure 6. H,-TPR profiles of LaNiO3; samples calcined at different temperatures.

Moreover, it can be concluded from the Hp-TPR profiles that the reduction of the
LaNiOj3 phase is completed through two steps: (i) the first reduction step at 250430 °C;
(if) the second reduction step at 44-560 °C [59,60]. Moreover, the area of high-temperature
reduction peaks is larger than that of the low-temperature reduction peak. The actual
crystalline phase transition during the reduction process was investigated by following
in situ XRD in Hp. Taking the LNO-C800 sample as an example, XRD patterns during the
reduction process in Hy are collected, as shown in Figure 7, to learn about the transition
temperature of the LaNiO3 phase and the intermediate phase existing in the reduction
process. The reduction process mainly occurs between 300 and 560 °C, and two steps of the
process can be clearly observed from the evolution of the crystalline phase.

The first step (Equation (1)), located at 300-380 °C, is consistent with the temperature
range of the low-temperature reduction peak of the Hy-TPR profile. By comparing the
crystal database, it can be obtained that the crystalline phases at 340 and 360 °C are
LaNiO, 7 (JCPDS No0.37-0928) and LaNiO, 5 (JCPDS No.82-0556) [52,61,62], respectively.
Above 360 °C, the LaNiO, 5 phase remains in spite of the increase in temperature [63,64].
In this step, Ni®* is reduced to Ni?*, and part of the lattice oxygen in the LaNiO3 phase
is consumed. The perovskite structure is still maintained, though the lattice arrangement
is distorted by the oxygen vacancies in the bulk of the crystalline phase, which can be
seen in the less intense and broader peaks than that of fresh samples without reduction.
Moreover, it can be observed that the main diffraction peak of LaNiOs._s shifts to the left,
which corresponds to the decrease in diffraction angle 26. According to the Bragg equation,
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the interplanar crystal spacing becomes larger, attributable to the fact that the ion radius of
Ni becomes larger and the unit cell expands, resulting from a partial reduction by receiving
electrons. The second step (Equation (2)), from 440 °C to 560 °C, can be assigned to the high-
temperature reduction peak in the H,-TPR profile. The diffraction pattern does not change
until 440 °C, prior to which the previous LaNiO; 5 crystalline phase is preserved. With the
increase in temperature, and the continuing decrease in the diffraction peak intensity of
the distorted perovskite phase, the Ni metal and La,O3 oxide phase appears. By 560 °C,
the perovskite phase disappears completely, and the activated nickel metal supported on
LayOj is obtained.

LaNiOsz 4+ Hy; — LaNiO, 5 + H,O 1)

LaNiO; 5 + H, — Ni+ La,O3 + H,O 2)
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Figure 7. In situ XRD patterns of LNO-C800 during heating in H; atmosphere: diffractograms
taken from 100 °C to 600 °C from bottom to top (¢-LaNiO3z; B-LaNiO, 7; ¥-LaNiO; 5; e-Ni; *-LapOs;
®-intrinsic signal from instrument).

After the reduction process is completed, the diffraction peak of the pattern becomes
more intense and sharper (not listed) with the increase in the temperature, indicating that
the crystalline phase is more perfect and the crystal size increases to a certain extent [61].
As the temperature rises from 600 to 850 °C, the crystal size of Ni” (calculated according to
the main peak at 44.3°) increases from 15.0 nm to 23.0 nm, as shown in Figure 8.

3.4. Characterization of Reduced Catalysts

It is necessary to explore crystalline phase and morphology of reduced catalyst by XRD
and TEM characterization as the LaNiO3 sample needs to be activated in a pure hydrogen
atmosphere at 850 °C for 2 h before the catalytic reforming reaction. The XRD patterns
of each catalyst after reduction are illustrated in Figure 9. All the samples appear as Ni
(JCPDS No.04-0850), La(OH);3 (JCPDS No.36-1481), and La;O3 (JCPDS No.74-2430) after
reduction [65,66]. Comparing the diffraction peaks of Ni crystal from different samples
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after reduction, it can be concluded that the higher the calcination temperature of LaNiOs3,
the smaller the Ni° crystal size obtained after reduction [38], as listed in Table 2.

2 T(°C) D(Ni) (nm)
600 15.0
650 15.6 /
22 700 19.0
750 20.6
800 223
. 850 23.0
E20F
£
=
2,
o r
16
14 1 1 1 1 1 1
600 650 700 750 800 850

T(°C)

Figure 8. Evolution of nickel crystal size during heating in H, atmosphere.
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< -C700
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LNO-C600
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26 (°)
Figure 9. XRD patterns of different samples reduced in H, at 850 °C (#-La(OH)3; e-Ni; *-LayO3).

The aforementioned H,-TPR profiles reveal the gradual reduction difficulty of the
fresh sample with the higher calcination temperature, which is significant for elucidating
this phenomenon. The higher calcination temperature of LaNiO3 makes it more difficult to
extract Ni from bulk oxide, and the metal-support interaction of the catalysts obtained after
reduction also becomes stronger [67,68]. The resistance of dissolving out from the bulk can
keep Ni grains from aggregating in a degree, so that smaller grains can be obtained.

Transmission electron microscopy (TEM) was used to observe the morphology of
reduced catalysts, and nearly spherical Ni crystalline grains, supported on layered La,O3
support [69,70], were obtained for each catalyst after reduction, as shown in Figure 10. Clear
lattice fringes can be observed through high-resolution TEM images in Figure 11a, and the
crystal plane spacing proves that a large amount of the spreading phase was La,O3 oxide,
while the spherical structure in the edge was Ni metal crystal, as shown in Figure 11b. EDS
mappings in Figure 12 also verify the catalyst system where Ni is loaded on the oxide of
La after reduction. There is a highly consistent distribution in terms of La and O elements,
while Ni and O do not coincide. The La element displays continuous distribution with a
larger area, and Ni element appears as granular dispersion.
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Figure 11. Local Ni crystal grain supported on La;O3 oxide of reduced LNO-C800 catalyst: (a) the
lattices of Ni crystal and Lap,Os support; (b) spherical Ni metal crystal grain.

La

S00nm, S00nm

Figure 12. EDS mappings of reduced LNO-C800 catalyst involving La, Ni, and O elements.

3.5. Reaction Performance of Reduced LaNiO3 Samples

The activity of LaNiO3; samples previously calcined at different temperatures was
tested after in situ reduction at 850 °C for 2 h in Hy. Firstly, the influence of the calcination
temperature (T¢c) of LaNiO3 was studied. The reaction temperature (TRr) varied from 700
to 900 °C, and each Tr was held for 3 h, with a steam-to-carbon ratio (S/C) equal to 1.5.
The reactor was first set at 900 °C, and the system could reach the steady state 20 min
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X(CH,)

0.8

04}

after the reactants were fed into the reactor. Then, the reaction performance data would
be recorded. Moreover, 10 min for system stabilization were also allowed each time when
the reactor temperature was switched. Figure 13a shows the relationship between catalyst
activity and T¢ under different Tr. For each catalyst, the higher the Ty, the higher the
methane conversion [15,71,72]. The conversion reached more than 95% at 850 °C, and nearly
complete conversion could be acquired at 900 °C. At the same Ty, elevated T¢, ranging
from 600 to 800 °C, resulted in a gradually increased methane conversion, which reached
its maximum when LaNiO3; was calcinated at 800 °C. The reaction performance improved
more remarkably with the increase in T¢c when Tr was less than 800 °C. Nevertheless,
continuing to raise T¢ to 900 °C, methane conversion decreased, and the reduction in
activity was more notable at lower Tr (below 800 °C). As the calcination temperature
increased, the reduced Ni particle became smaller and smaller. As has been studied in
the literature, smaller Ni grains can increase the activation rate of methane, which has a
significant impact on the activity of the catalyst [73-76]. Moreover, it is generally accepted
that steam is activated either through Ni crystal grains or by oxide support [73,77]. Then,
the differences in calcination temperature will also alter the interaction between the support
and the active component of the reduced catalyst, which facilitates the overflow of oxygen
species from LayO3 to Ni [73,78,79]. The good hygroscopicity [80] of the La element makes
it easier for it to adsorb and activate steam, and produce reactive oxygen species including
hydroxyl and atomic oxygen, which can be delivered to some adjacent Ni clusters. In
addition, a strong interaction would cause an unbalanced oxygen species supply against
the methane dissociation rate and a reduction in catalytic activity [68,81].
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Figure 13. (a) The relationship between methane conversion and the T¢ of LaNiOj at different Tg.
Reaction conditions: Ty from 700 to 900 °C,S/C = 1.5, atmospheric pressure, GHSV =20 L-gcat~1-h~1;
(b) the relationship between the methane conversion of reduced LNO-C800 and S/C at different Tg.
Reaction conditions: Tg from 700 to 900 °C, atmospheric pressure, GHSV =20 L. gcat*1 h 1 (c) the
relationship between the methane conversion of reduced LNO-C800 and reaction space velocity at
different Tg. Reaction conditions: Tg from 700 to 900 °C, atmospheric pressure, S/C = 1.5.

Then, with S/C ranging from 1 to 3, an activity evaluation for the reduced catalyst of
LNO-C800 was performed and the results obtained at different T are shown in Figure 13b.
It can be seen that 1.5 is the optimal S/C ratio, but the composition of the reactants
consistent with the stoichiometry of the SRM reaction equation could not provide the
highest conversion. The S/C continued to increase from 1.5 to 2.0, and the methane
conversion decreased to various degrees at different Tr. At relatively lower T, the activity
decreased more rapidly, which was caused by the oxidation effect of Ni through excess
steam, verified in the XRD characterization of used catalyst in the following. If the S/C
continues to increase, methane conversion will further decline. Compared with traditional
supported nickel-based catalysts, this type of catalyst derived from LaNiOs precursor
requires a lower S/C to achieve optimal reforming reaction activity, which may also
depend on the hygroscopicity and alkalinity of the La,O3 support oxide [78,80].
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Finally, the effect of space velocity on methane conversion was studied by changing
the catalyst loading amount to 25 mg, 50 mg, and 75 mg, respectively, and the results are
illustrated in Figure 13c. At the space velocity of 20 L-gcat~!-h~1, the methane conversion
close to the thermodynamic equilibrium can be reached when the reaction temperature is
higher than 800 °C, while at a relatively low temperature (lower than or equal to 750 °C),
the reaction performance is greatly limited by kinetics [82,83]. When the space velocity is
increased to 30 and 60 L-gcat~!-h~!, the methane conversion decreases to an extent.

3.6. Spent Catalysts Characterization
3.6.1. Effect of S/C on Crystalline Phase

The reduced catalysts from the LNO-C800 sample after the SRM reaction at different
S/C were characterized using XRD. As shown in Figure 14, when stoichiometric reactants
were fed, the support appeared as La;O,CO3 (JCPDS No. 37-0804), and the Ni element only
existed in the metallic state. When S/C was 2, the crystalline phases of support included
LayO,CO3 and La(OH)3, and NiO also began to emerge. With the increase in S/C to 3,
La(OH); mainly existed in the support, accompanied by a small amount of La;O3, and the
diffraction peak intensity of NiO was further strengthened. The more intense peak of NiO
confirms that the increase in S/C causes the oxidation of the metallic active component of
Ni in the catalyst, and a growing number of NiO results in the reduction in the reaction
activity at higher S/C. In addition, when S/C is lower and the residual steam in the reactor
is less, LapO3 tends to combine with CO, in the product to form oxycarbonate LayO,COs.
By contrast, a higher S/C could make La,O3 transform into La(OH)s.

S/C=2

LM

Intensity (a.u.)

20 30 50 60

40
28 (°)
Figure 14. XRD patterns of used LNO-C800 samples after reaction at different S/C (e-Ni; o-NiO;
w-LapyO,CO3; Q-La(OH)3; *-LayO3).

3.6.2. Resistance to Carbon Deposition

With S/C equal to 1, the catalyst (60-80 mesh) was used to carry out the SRM reac-
tion for 4 h at 850 °C and 60 L-gcat !-h~!. The study of the nature and amount of the
carbonaceous deposition formed in reforming process was conducted with the approaches
including the TEM, Raman, and temperature-programmed oxidation (TPO) experiments.

TEM was used to reveal the morphology of the carbonaceous deposition forming at
S5/C =1, as shown in Figure 15. Fibrous carbon deposition was formed [84,85], and a large
number of Ni particles were lifted from the support, isolated from the main catalyst system.
The filamentous carbon material appeared as a layered graphene structure on either side or
around the nickel particles!®.
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(a)

Figure 15. TEM images of carbon deposition generated through the SRM reaction of LNO-C800 at
S/C =1: (a) catalyst and coexisting filamentous carbon deposition; (b,c) Ni grains lifted from the
support; (d,e) graphene layers of graphite-like structures.

Raman spectra were used to elucidate the quality of the carbon deposition, where
Ip /I ratios (standing for the Raman intensities of D-band and G-band peaks) could show
amorphous degrees of carbon materials. Figure 16a reveals that the D peak and G peak
signals appeared for each catalyst after the reaction [86,87], and the amorphous degree of
graphite-carbon was about 0.4. The carbon deposition of LNO-C600 was the most serious,
followed by LNO-C700, and the other two samples almost had some carbon deposition. A
similar tendency was also obtained in the TPO experiment (in Figure 16b) [88-90]. LNO-
C600 had the strongest CO, evolution signal, at about 610 °C, compared with a weaker
signal from LNO-C700 at about 580 °C. However, LNO-C800 and LNO-C900 had very
weak evolution peaks at about 500 °C. Quantitative carbon deposition can be obtained by
integrating CO, signal curves, and the results are summarized in Table 3.

(a)

Intensity (a.u.)

(b)

Intensity (a.u.)

——LNO-C600
——LNO-C700
—LNO-C800 ——LNO-C600
——LNO-C900 ——LNO-C700
——LNO-C800
——LNO-C900
1000 1200 1400 1600 1800 2000 200 400 600 800

Raman shift (cm™)

T(°C)

Figure 16. Comparison of the carbon deposition of different samples after 4 h of SRM reaction under
the condition of S/C = 1: (a) Raman; (b) TPO.

The Raman and TPO experiments demonstrate that the carbon deposition resistance of
catalysts is improved with the increase in the calcination temperature of dry gel to prepare
LaNiO3, and the carbon deposition is very low in terms of the calcination temperature of
800 °C and above. The stability of the catalyst depends on the size of the metal particle, the
nature of support dispersing metal particles, and the interaction between the metal phase
and the support [91]. According to the above studies, the higher calcination temperature
can result in both smaller Ni grains and stronger interactions between Ni and LayO3. The
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References

latter brings more reactive oxygen species to Ni grains that are conducive to the elimination
of carbon deposition [92,93]; there is therefore a positive correlation between calcination
temperature and resistance to carbon deposition [81].

Table 3. Carbon deposition of different catalysts after 4 h of the SRM reaction under the condition of
S/C=1.

Catalysts mg C/mg Catalyst (%) T (Carbon Elimination Peak)/°C
LNO-C600 18.56 610
LNO-C700 9.85 580
LNO-C800 0.56 498
LNO-C900 0.50 497

4. Conclusions

The LaNiOj precursor was prepared using the Pechini method and reduced before
the SRM reaction to form a supported Ni/LayOs catalyst. The effect of the calcination
temperature of LaNiOj on the structural properties and catalytic performance of samples
for the SRM reaction was analyzed. Firstly, the formation of LaNiO3 on the calcination
of the gel precursor in air was investigated with STA-IR-MS and in situ XRD, providing
the information which elaborates thermal events at different temperatures, the existence
of a LayO3COj3 intermediate appearing about at 450 °C, and the initial crystallization
temperature of LaNiOj3 at about 550 °C. Moreover, then, the effect of calcination temperature
on the catalyst properties was studied using XRD, BET, and TPR characterizations. It can
be known that with the increase in calcination temperature, the LaNiOj3 crystal phase tends
to be more perfect, and the occurrence of the sintering phenomenon could cause a larger
LaNiOj3 particle size and a smaller specific surface area. The increasing reduction difficulty
results in smaller Ni’ grains and a stronger interaction between the support and the metal
active component. At the same reaction temperature, the methane conversion increases
with increasing calcination temperature before 800 °C, while LNO-C900 shows a certain
loss of activity compared with LNO-C800. There is also an optimal value of 1.5 for S/C.
Excessive steam will also cause a significant decline in activity. The oxidation of the Ni
component was also demonstrated using XRD characterization of spend catalysts when
S/C was more than 2. TPO and Raman spectra also show that carbon deposition resistance
of the catalysts can be enhanced with the increase in calcination temperature.
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