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An A-site deficient and Ni-doped LaMnO3 perovskite (LMN) is prepared and reduced in 5% H2-N2 at 800 �C
for 1 (R-LMN) and 6 (ER-LMN) h for evaluation as catalysts for C2H6 dehydrogenation to co-produce C2H4

and H2. The 1 h reduction causes the formation of Ni nanoparticles embedded in a perovskite substrate
similar to LMN, but the excessive reduction for 6 h causes LMN decomposition to La2O3, MnO and Ni
nanoparticles. The performance of the catalysts increases with increasing temperature. R-LMN demon-
strates the highest performance among the catalysts studied, with 41.6% C2H6 conversion and 98.0%
C2H4 selectivity at 750 �C; ER-LMN exhibits the lowest catalytic performance because of LMN decompo-
sition. The performance of R-LMN is essentially stable during a 50 h test; and the slow growth of Ni
nanoparticles slightly increases C2H6 conversion and decreases C2H4 selectivity due to the increase of
the surface area of the Ni nanoparticles.
� 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ethylene is a major intermediate for the production of numer-
ous chemicals [1], and its global demand increases significantly
every year. At present, ethylene is mainly produced commercially
through steam cracking of naphtha or alkane feedstocks [1,2]. This
process needs a tremendous amount of heat, which is provided by
burning the undesired reaction products for the endothermic
dehydrogenation reactions, resulting in severe emission of carbon
dioxide (greenhouse gas) and nitrogen oxides (pollutants) [1].
Thus, developing a clean technical route for ethylene production
is needed urgently.

Solid oxide fuel cells (SOFCs) are an electrochemical device that
converts directly, efficiently and environmental-friendly the chem-
ical energy stored in hydrocarbon fuels into electricity and heat.
When a proton conducting electrolyte is used, the SOFC [3–8],
which is accordingly designated as H-SOFC, can be used to co-
produce electricity and ethylene, if C2H6 is used as the fuel and
the anode is made to performs a dual-function of dehydrogenating
C2H6 to ethylene (C2H4) and hydrogen (H2) and electrochemically
oxidizing only the formed H2. Thus, the reactions occurring in
the anode of the H-SOFC are

C2H6 ¼ C2H4 þH2 dehydrogenation reactionð Þ ð1Þ
H2 ¼ 2Hþ þ 2e� electrochemical reactionð Þ ð2Þ
The H+ is transferred via the proton conducting electrolyte to

the cathode where the H+ reacts with oxygen ions O2� to form
H2O; and the C2H4 can be collected at the anode exit without any
CO2 emission. Due to the consumption of the formed H2 for power
generation, thermodynamic equilibrium will not be a limit for
reaction (1), which promotes the reaction towards forming the
products continuously.

The state-of-the-art anode material for SOFCs is a cermet con-
sisted of Ni and ceramic electrolyte (Ni-electrolyte). This cermet
anode is highly chemically active for cracking hydrocarbons and
electrocatalytically active for oxidizing H2 [9,10], and therefore is
not suitable for this purpose. In order to resolve this difficulty,
Luo et al [11–17] investigated the possibility of co-production of
C2H4 and electricity by C2H6 fueled H-SOFCs with Pt or Cr2O3-Cu
as the anode, BaCeO3 based proton conducting perovskite as the
electrolyte and Pt as the cathode. The results showed that, at
750 �C, the conversion of C2H6 was in the range of few percent
above 35%, the selectivity of C2H4 was lower than 90%, and the
maximum power density achieved was usually below
175 mW cm�2. If the H2 produced were not consumed for power
generation, the C2H6 conversion would be even lower. Therefore,
these results indicate that both commercially available Pt and
Cr2O3 are not an ideal material choice for the anode that is required
to perform the dual functions of dehydrogenating C2H6 and oxidiz-
ing H2. In addition, Pt has the potential of deeply cracking the
unconverted C2H6 and hydrocarbons formed, causing carbon
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deposition [15]. Furthermore, Cr2O3 is neither a good electronic nor
a protonic conductor at the operating temperature. In order to
facilitate the development of anode material for the co-
production H-SOFC, it is proposed in this study to use a double-
layer anode to avoid the necessity for one material to perform
the dual-function role, as shown in Fig. 1. The outer layer catalyzes
C2H6 dehydrogenation and the inner layer, as the functional anode,
only oxidizes H2 electrochemically. Based on this idea, the present
study is undertaken to develop a catalyst for catalytic C2H6

dehydrogenation.
LaMnO3 (LM)-based perovskites have long been used as cathode

materials [18] for SOFCs and catalysts for CH4 steam reforming [19]
and partial oxidation [20]. Stimulated by these

previous studies, we have recently developed a perovskite oxide
La0.9Mn0.8Ni0.2O3 (LMN), which is an A-site deficient LM with 20%
Ni-doping, and used it as a catalyst for CO2 dry reforming of CH4

[21]. A-site deficiency (A/B < 1) promoted in-situ exsolution of Ni
from the perovskite to form nano-sized Ni particles on the sub-
strate [21–27], which resulted in high catalytic performance and
carbon deposition resistance were achieved at 700 �C. Thus, in
the present study, the LMN is explored for the first time as a cata-
lyst for C2H6 dehydrogenation, and the related catalysis phenom-
ena is also discussed.
2. Experimental

2.1. Materials synthesis and characterization

LMN powder was prepared by a sol-gel method with
La(NO3)3�6H2O, Ni(NO3)2�6H2O and Mn(NO3)2�4H2O (Sino-Pharm
chemical reagent) as precursors. The processing procedures were
detailed in our previous work [21]. The prepared powder was
ground and screened with a 100-mesh sieve, followed by a reduc-
tion process in 5% H2-N2 atmosphere at 800 �C for 1 (designated as
Fig. 1. Schematic diagram of H-SOFC for co
R-LMN) and 6 h (excessive reduction, designated as ER-LMN),
respectively, to form exsolved nano-sized Ni particles and examine
the structure stability of the substrate.

The crystal structure and phase component of the LMN, R-LMN
and ER-LMN were analyzed by X-ray diffraction (XRD, Shimadzu
XRD-7000) in a range of the 2h angle from 20 to 80� with Cu Ka
radiation (k = 1.5406 Å) at 40 kV, 30 mA and 10�min�1 scanning
rate. The diffraction data LMN and R-LMN were refined by the

EXPGUL software [28,29] using the space symmetry of R3
�
C (ICSD

No. 82315) and Pnma (ICSD No. 82227) [30] as the initial structure
model, respectively, to determine the lattice parameters.

The surface chemistry of LMN and R-LMN were characterized
by X-ray photoelectron spectroscopy (XPS) that was carried out
on a Kratos Axis-Ultra DLD-600W photoelectron spectrometer,
using an Al monochromatic X-ray source. The C1s peak at 285 eV
was used as reference to all binding energies. The obtained XPS
spectra were fitted with a nonlinear Shirley-type background sub-
traction method. The position and area of the peaks were opti-
mized by 80% Gaussian and 20% Lorentz functions.

The microstructure of the prepared catalysts before and after
dehydrogenation tests was examined by a field emission scanning
electron microscope (SEM, FEI Sirion 200) and a transmission elec-
tron microscope with an energy dispersive spectrometer (TEM,
Tecnai G2-20). And the post-test R-LMN was further investigated
by Raman spectrometry (RS, LabRAM HR800) at room temperature
for carbon deposition estimation.
2.2. Dehydrogenation test

The test of C2H6 dehydrogenation was carried out in a fixed-bed
quartz tube reactor (inner diameter = 6 mm) with and without
(blank test) 0.2 g of the catalyst under atmospheric pressure at var-
ious temperatures between 625 and 750 �C. This temperature
range was selected according to the fact that H-SOFCs are preferred
-production of ethylene and electricity.
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to be operated at these temperatures. C2H6 was continuously
fed into the reactor at a flow rate of 50 ml min�1 (GHSV =
3 � 104 ml g�1 h�1), and the gaseous product was carried by N2

to a gas chromatograph (GC, GC4000 A, East & West (Beijing)
Analytical Instruments) for composition analysis after steady-state
operation was reached. The conversion of C2H6 (XC2H6), selectivity
of C2H4 (SC2H4), CH4 (SCH4), CO2 (SCO2) and yield of C2H4 (YC2H4) were
determined based on carbon conservation, respectively, by

XC2H6 ¼ FC2H6ðinÞ � FC2H6ðoutÞ
FC2H6ðinÞ

� 100% ð3Þ
SC2H4 ¼ FC2H4
FC2H6ðinÞ � FC2H6ðoutÞ

� 100% ð4Þ
SCH4 ¼
1
2 FCH4

FC2H6ðinÞ � FC2H6ðoutÞ
� 100% ð5Þ
SCO2 ¼
1
2 FCO2

FC2H6ðinÞ � FC2H6ðoutÞ
� 100% ð6Þ
YC2H4 ¼ XC2H6 � SC2H4 � 100% ð7Þ
And the catalytic activity is characterized by specific production

rate of C2H4 (rC2H4), determined by

rC2H4 ¼ FC2H4
Mcatalyst

ð8Þ

where the FC2H6ðinÞ; FC2H6ðoutÞ; FC2H4; FCH4andFCO2 represent the mole
flow velocity of each component during the test, and the Mcatalyst

represent the mass of the catalyst. The ratio rC2H4ðcatalystÞ
rC2H4ðblankÞ

was used to

characterize the effect of catalyst on the dehydrogenation of ethane
to ethylene.
Fig. 2. XRD pattern of as-prepared (a
3. Results

3.1. Phase and microstructure

Fig. 2 shows the XRD pattern of as-prepared LMN, R-LMN and
ER-LMN. Single phase LMN was formed with a perovskite structure
similar to that of LM (PDF file # 89-2471), suggesting that 20% of Ni
was fully doped into the structure of LM (Fig. 2a). By a reduction
process in 5% H2-N2 atmosphere at 800 �C for 1 h (R-LMN), part
of Ni in LMN was exsolved as metallic Ni from the substrate still
maintained in perovskite structure (Fig. 2a). By closely examining
the diffraction patterns of LMN and R-LMN, it is noted that some
diffraction peaks of LMN were split into two peaks, and the corre-
sponding peaks of R-LMN remained as single peaks. This suggests
that the crystal structures of LMN and the substrate of R-LMNwere
slightly different due to decreased degree of A-site deficiency in
the substrate caused by Ni exsolution out of LMN lattice, although
they both had a perovskite structure. The Rietveld refinement
results, as listed in Table 1, indicate that the LMN possessed a

rhombohedral structure (R3
�
C) and the substrate in R-LMN pos-

sessed an orthorhombic structure (Pnma) due to lattice shuffling
accompanying Ni exsolution. However, excessively reducing the
LMN under the same environment for 6 h (ER-LMN) led to the
decomposition of LMN to La2O3, MnO and Ni (Fig. 2b). The fact that
the intensity of Ni peaks in the diffraction pattern for R-LMN (190
counts) is lower than that for ER-LMN (293 counts) may imply
qualitatively that the Ni in R-LMN was not completely exsolved
during the 1 h reduction process.

Fig. 3 shows the microstructure of as-prepared LMN, R-LMN and
ER-LMN. It is observed that the morphology of R-LMN remained
similar to that of LMN (Fig. 3a), and the uniformly distributed
nano-sized Ni particles (averagely�20 nm)were formed by exsolu-
tion and partially embedded in the perovskite substrate (Fig. 3b and
c). But the morphology of ER-LMN was entirely changed with
slightly larger and round Ni particles sporadically spotted on the
decomposed substrate (Fig. 3d). According to the BETmeasurement,
) LMN, R-LMN and (b) ER-LMN.



Table 1
Unit cell parameters of LMN and R-LMN determined by the Rietveld refinement.

Sample Space group a (Å) b (Å) c (Å) V (Å3)

LMN R3
�
C 5.5124 – 13.3172 350.44

R-LMN Pnma 5.5051 7.7977 5.5437 237.98
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the specific surface area of R-LMN (10.32 m2 g�1) was slightly larger
than that of LMN (7.28 m2 g�1) due to the contribution of the
exsolved nano-sized Ni particles.

3.2. Surface chemistry

LMN and R-LMN were subjected to XPS analysis to understand
their surface chemistry; the result is shown in Fig. 4. The peaks of
Ni, La, Mn and O were detected, together with that of C (peak C 1s
at �285 eV) due to carbonate contamination on the surface
(Fig. 4a) [31]. The peak of Mn 2p (Fig. 4b) in the binding energy
range between 640.6 and 640.9 eV was characterized to Mn3+,
and that between 641.8 and 642.2 eV was assigned to Mn4+.
According to area of the peak, the ratio of surface Mn4+ to Mn3+

was estimated to be 0.756 for R-LMN, which suggests that approx-
imately 43% of Mn on the surface of R-LMN was in the oxidation
state of valence + 4.

3.3. Catalytic activity

The LMN, R-LMN and ER-LMN were evaluated as the catalysts
for C2H6 dehydrogenation at various temperatures between 625
and 750 �C. The conversion of C2H6 and selectivity of C2H4, CH4
Fig. 3. Microstructure of as-prepared (a)
and CO2 were determined by Eqs. (3)–(6) using the composition
of the product gas measured by GC. Fig. 5 shows the average value
for a period of 90 min after the reaction was stabilized. It is seen
that the C2H6 conversion by all the catalysts increased with the
increase of testing temperature. However, at temperatures above
675 �C, the conversion by R-LMN was obviously higher than those
by LMN and ER-LMN, and the conversion by ER-LMN was the low-
est. At 750 �C, the conversion by R-LMN was 41.6%, while that by
LMN and ER-LMN was 36.9 and 33.6%, respectively. Unlike their
behavior in conversion, C2H4 selectivity of the catalysts studied
was not as sensitive to the testing temperature as the conversion,
it only decreased slightly from 100 to around 98% in the tempera-
ture range between 625 and 750 �C for all the three catalysts,
accompanied with the formation of small amounts of CH4 and
CO2. According to Eq. (7), the C2H4 yield of R-LMN was determined
as 40.8% at 750 �C. In order to further explore the effect of R-LMN
on dehydrogenation of C2H6, the conversion of C2H6 and selectivity
of C2H4 of the blank test and the ratio rC2H4(R-LMN)/rC2H4(blank) (using
the data determined by Eq. (8) and listed in Table 2) are shown in
Fig. 6. It is clear that the reaction of C2H6 dehydrogenation
occurred without R-LMN due to thermal crack; however, the pro-
duction rate was significantly increased by the presence of R-
LMN, and the effect of R-LMN was enhanced with the increase of
testing temperature.
3.4. Performance durability

Since the R-LMN showed the best initial performance among
the three catalysts studied, it was subjected to a long-term test
for 50 h at 750 �C for evaluating its performance durability, the
LMN, (b, c) R-LMN and (d) ER-LMN.



Fig. 4. Representative (a) and Mn (b) XPS spectra of LMN and R-LMN.

Fig. 5. Performance of LMN, R-LMN and ER-LMN for C2H6 dehydrogenation at various temperatures (testing conditions: N2:C2H6 = 1:1, flow rate = 100 ml min�1, 0.2 g
catalysts, GHSV = 3 � 104 ml g�1 h�1).
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result is shown in Fig. 7. During the 50 h test, the performance of R-
LMN was essentially stable, and the conversion and selectivity
slightly increased and decreased, respectively, after around 30 h
of test. At the end of 50 h test, the conversion was 43.4% and the
selectivity was 97.3%. The R-LMN after the performance durability
test was analyzed by Raman spectrometry to determine whether
carbon deposition happened. The result is shown in Fig. 8, which
indicates that carbon deposition did not occur in the R-LMN during
the 50 h test, as the characteristic peaks at 1350 (D-peak) and
1580 cm�1 (G-peak), which are for disordered and graphitic



Table 2
The dependence of the specific production rate of C2H4 with and without R-LMN on
temperature.

T(�C) rC2H4(blank) (lmol s�1 g�1) rC2H4(R-LMN) (lmol s�1 g�1)

625 1.09 1.26
650 1.68 2.75
675 2.74 5.77
700 4.40 11.16
725 7.35 20.56
750 11.59 33.14

Reaction conditions: N2:C2H6 = 1:1, flow rate = 100 ml min�1, 0.2 g catalysts,
GHSV = 3 � 104 ml g�1 h�1.

Fig. 6. Blank test result and the effect of R-LMN and te

Fig. 7. Performance durability of R-LMN for C2H6 dehydrogenation at 750 �C
GHSV = 3 � 104 ml g�1 h�1).
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carbon, respectively, were not present. Fig. 9 shows the
microstructure and XRD pattern of the R-LMN tested for 50 h. It
appears that the exsolved Ni particles grew slightly (�35 mm)
without significantly increasing the particle number. This observa-
tion is consistent with that reported previously by Irvine et al. [27]
and Tong et al. [21], and may suggest that the process of Ni nucle-
ation was completed after the reduction in 5% H2-N2 atmosphere at
800 �C for 1 h, and the process of Ni particle growth proceeded
slowly during the test at 750 �C until all the Ni doped was entirely
exsolved. The slow slight increase in the conversion and decrease
in selectivity may be caused by the increase of the surface area
of the exsolved Ni particles.
mperature on the specific production rate of C2H4.

(testing conditions: N2:C2H6 = 1:1, flow rate = 100 ml min�1, 0.2 g catalysts,



Fig. 8. Raman spectrum of R-LMN tested for 50 h at 750 �C.
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4. Discussion

With Ni (+2 valence) doping, the electrical neutrality of LMN is
expected to be maintained by the oxidation of some Mn3+ ions to
Mn4+ and also the formation of oxygen vacancies in LMN. In fact,
Fig. 9. Microstructure (a) and XRD pat

Fig. 10. Schematic diagram of C2H6 dehyd
the results of XPS demonstrated the presence of Mn4+ ions (�43%
shown in Fig. 4) and oxygen vacancies [21] on the surface of R-
LMN. Based on these experimental results, it is proposed that
C2H6 dehydrogenation process on the surface of LMN catalyst
may proceed with the following steps, as shown in Fig. 10. The first
step is the adsorption of C2H6 on oxygen vacancy sites [O] near
Mn4+ ions. The second step is that the activation of CAH bonds
by oxygen vacancies, resulting in the breakage of CAH bonds and
the formation of C2H4, which was adsorbed on the oxygen vacancy
sites, and two H+ ions, which were associated with nearby lattice
oxygen ions (OH�). The formal oxidation state of carbon in C2H6

and C2H4 are �3 and �2, respectively, the two excess electrons
originally from H reduce Mn4+ to Mn3+ ions. The third step is the
desorption of C2H4 from the oxygen vacancy sites and the reduc-
tion of the nearby OH� hydroxides by obtaining electrons from
Mn3+ ions to release of H atoms to form H2, and in the meantime,
Mn3+ ions are re-oxidized to form Mn4+ ions. After these three
steps, the LMN surface resumes its original state. This catalytic
cycle is repeated to continuously dehydrogenate C2H6 to C2H4

and H2.
Once Ni nano particles are formed by exsolution on the surface

of LMN substrate, Ni content in the substrate is reduced, and
accordingly the catalytic activity of the substrate decreases due
to the decrease of Mn4+ ions and oxygen vacancies. However, the
Ni nano particles formed will play a significant catalytic role for
C2H6 dehydrogenation. It is well known that Ni is an excellent cat-
alyst for activation and breakage of CAH and CAC bonds. There-
fore, the presence of Ni nano particles enhances the catalytic
activity for C2H6 dehydrogenation with a catalytic process shown
tern (b) of R-LMN tested for 50 h.

rogenation process catalyzed by LMN.



Fig. 11. Schematic diagram of C2H6 dehydrogenation process catalyzed by metallic
Ni.
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in Fig. 11, which is similar with the catalytic process of Pt [32].
With the catalytic assistance of the Ni nano particles, the adsorbed
C2H6 with a single carbon-carbon bond will readily release H2 and
form C2H4 with a double carbon-carbon bond. It is because of the
high catalytic activity of the Ni nano particles that the performance
of R-LMN was higher than that of LMN for C2H6 dehydrogenation
(Fig. 5). In the ER-LMN, the original substrate LMN was completely
decomposed to La2O3, MnO and Ni. La2O3 and MnO are not as cat-
alytically active as perovskite LMN, and some of the Ni particles
was covered by La2O3 and MnO and not exposed to C2H6 gas.
Therefore, the performance of ER-LMN for C2H6 dehydrogenation
was the lowest among the three catalysts (Fig. 5).

As mentioned earlier, in the 50 h dehydrogenation test of R-
LMN, C2H6 conversion increased slightly and C2H4 selectivity
decreased somewhat after 30 h of testing. On the basis of the dis-
cussion above, this phenomenon can be understood. The R-LMN
was obtained by reducing the LMN at 800 �C in 5% H2-N2 atmo-
sphere for 1 h. Only part of the doped Ni was exsolved in the
pre-reduction process. During the long-term test, the R-LMN was
exposed constantly to a reducing (low oxygen partial pressure)
atmosphere consisting mostly of the unconverted C2H6 and the
formed C2H4 and H2. Under this circumstance, the Ni remaining
in the substrate would be exsolved gradually with time, resulting
in the continuous growth of the Ni nano particles rather than the
formation of ‘‘new” Ni nano particles (Fig. 9). Thus the surface area
of the exsolved Ni nano particles would increase with time, pro-
moting the process of C2H6 conversion. Since the growth of Ni nano
particles was slow, the increase of C2H6 conversion was observed
only after 30 h of testing, which was accompanied with insignifi-
cant decrease of C2H4 selectivity possibly due to the formation of
some CH4 as the Ni catalyst is very active for breaking the
carbon-carbon bonds. On the basis of these analyses, it becomes
clear that for the development of highly efficient LMN catalyst
for C2H6 dehydrogenation, the amount of Ni doping needs to be
optimized to balance the amount of Ni that remains in the per-
ovskite substrate against the amount of Ni that is exsolved on
the perovskite substrate in the form of Ni nano particles.

5. Conclusions

LMN, R-LMN and ER-LMN were evaluated as catalysts for C2H6

dehydrogenation. Based on the results obtained, the following con-
clusions can be made.

(1) Reducing the 20% Ni doped perovskite LMN in a 5% H2-N2

atmosphere at 800 �C for 1 h results in the formation of
nano-sized Ni particles, which are partially embedded in
the substrate with a perovskite structure, which contains
less amount of Ni than as-prepared LMN. However, when
excessively reduced under the same conditions for 6 h,
LMN decomposes to La2O3, MnO and dispersed Ni nano
particles.

(2) Catalytic performance of all the three catalysts increases
with the increase of testing temperature from 625 to
750 �C. R-LMN out-performances LMN due to the exsolution
of Ni nano particles on the perovskite substrate in R-LMN;
and ER-LMN exhibits the lowest performance because of
the decomposition of LMN. The catalytic activity of LMN is
probably associated with the presence of Mn4+ ions and oxy-
gen vacancies.

(3) Catalytic performance of R-LMN at 750 �C is essentially
stable without carbon deposition, and C2H6 conversion and
C2H4 selectivity are approximately on the level of 43% and
98%, respectively. The slow growth of Ni nano particles
caused by further exsolution during the test slightly
increases the conversion and decreases the selectivity,
which suggests that, to develop a high efficiency C2H6 dehy-
drogenation catalyst, it is necessary to optimize of Ni con-
tent in the doped LMN to balance of the amount of Ni that
is exsolved on the substrate against the amount of Ni that
remains in the substrate.
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