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A series of La1−xCexFeO3 perovskite catalysts were synthesized using a citrate sol-gel method and examined for
H2S selective catalytic oxidation reaction. It was demonstrated that the catalysts exhibited prominent catalytic
activity, outstanding sulfur selectivity (nearly 100%) and particularly low apparent activation energy.
Remarkably, it can proceed consecutively for 70 h without notable deactivation. Moreover, Ce and Fe were
mainly existed in the form of LaCeFeO3 perovskite-type oxides as well as Ce-Fe solid solution. Signiﬁcantly,
catalysts reducibility was improved greatly due to the strongly Ce-Fe synergetic eﬀect. More importantly, a
proper substitution of Ce can enhance surface basic properties and facilitate the formation of oxygen vacancies
on the catalyst surface, and hence improve H2S adsorbability and lattice oxygen mobility, respectively. It cooperating with the improved reducibility jointly contributed to the excellent catalytic performance.
Furthermore, the reaction obeyed a redox mechanism and the catalyst deactivation was due mainly to the
formation of sulfate species. Additionally, the added water can lead to the establishment of the reverse Claus
reaction, causing the decrease of catalytic performance.

1. Introduction
Abundant hydrogen sulﬁde (H2S) is generated by many industrial
processes,
such
as
natural
gas
processing,
crude
oil

⁎

hydrodesulfurization, coal and biomass gasiﬁcation. It is highly toxic,
extremely corrosive and ﬂammable [1,2]. Hence, it is imperative to
remove this acid gas prior to emission. Up to now, the Claus process is
among the major technology for the H2S containing acid gas treatment,
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2.2. Catalyst characterization

in which H2S is transformed catalytically into elemental sulfur [3].
However, due to the thermodynamic limitations, almost 1% H2S is remained in the tail gas [4]. Fortunately, various additional puriﬁcation
processes have been developed to treat the Claus tail gas [1,2,5].
Among them, H2S selective catalytic oxidation technology appears to be
the most eﬀective and promising candidate, due to its potential to directly and completely convert H2S to elemental sulfur [4,6]. Nevertheless, SO2 can be formed via undesired side reactions, resulting in the
sulfur yield decrease. Therefore, the sulfur yield greatly depends on the
catalyst selectivity. Furthermore, most of the developed H2S selective
oxidation catalysts suﬀer from the drawback that it needs relatively
large excess of oxygen to participate in the reaction [7,8]. In this view,
it is urgent and important to develop a novel catalyst with high catalytic
activity, outstanding selectivity, excellent stability, and especially, good
oxygen storage capacity. This amounts to saying that the reaction can
eﬃciently occur under stoichiometric H2S/O2 condition over the desired catalyst with the above properties.
Perovskite oxides with general formula ABO3, where A is rare earth,
alkaline, or alkaline-earth cations larger (rA ∼ 0.90 Å) than B transition
metal cations (rB ∼ 0.51 Å), have been attracting increasing attention
for decades [9,10]. More importantly, beneﬁting from the extraordinary structural stability, the A and/or B sites can be substituted by a
wide range of cations having the same or diﬀerent valences or radius
without destroying the matrix structure, allowing great ﬂexibility to
tailoring and tuning their physicochemical properties to better target
their applications [11]. Simultaneously, CeO2 is widely regarded as an
excellent oxygen storage material due to its rich oxygen vacancies and
particularly low redox potential between Ce3+ and Ce4+ [12]. More
importantly, it was found that CeO2 was active for H2S selective oxidation in our previous study [13]. It can exhibit prominent catalytic
performance at relatively low reaction temperature and indeed have a
good resistance to various H2S/O2 ratios. However, the application of
the catalyst was restricted by the relatively poor stability.
Based on the above valuable information, it seems promising and
logic to develop a desired catalyst by jointing the prominent properties
of cerium and the advantages of perovskite oxides. In the present work,
series La1−xCexFeO3 catalysts were prepared. It is expected that the
substitution of B cations in perovskite oxides by more active Fe to behave as active phase can facilitate the reaction. On the other hand, the
partial substitution A-site by Ce can introduce oxygen vacancies to the
structure, and subsequently, increase the oxygen mobility. Besides, the
physicochemical properties of the catalysts were characterized by various techniques and the catalytic performances were investigated in
detail. Particularly, the catalytic and catalyst deactivation mechanisms
were explored systematically and proposed tentatively.

Powder X-ray diﬀraction (XRD) patterns were collected on a
PANalytical X’Pert PRO powder diﬀraction system using Cu Kα radiation (λ = 0.15418, 40 kV/40 mA) in the 2θ range of 10–80°.
The textural properties were studied by N2 adsorption-desorption
measurement at liquid nitrogen temperature, 77 K, with a
Micromeritrics ASAP-2020 apparatus. Before analysis, all catalysts were
degassed at 300 °C for 2 h in vacuum. The speciﬁc surface area and pore
volume were determined by the BET method and BJH method, respectively.
The Raman spectra were collected by a dispersive Horiva Jobin
Yvon LabRam HR800 Confocal Raman Microscope with a green laser
(532.14 nm) under ambient conditions.
The electron paramagnetic resonance (EPR) spectra were recorded
on a JES FA200 spectrometer at −150 °C.
X-ray photoelectron spectra (XPS) were performed on a Thermo
Electron Escalab250 instrument equipped with Al Kα radiation
(1486.6 eV). The binding energies were calibrated using the C 1s peak
of contaminant carbon (BE = 285 eV) as the standard and quoted with
a precision of ± 0.2 eV.
H2 temperature-programmed reduction (H2-TPR) experiments were
conducted on a Micrometrics Chemisorb 2720 apparatus. The TPR
proﬁles were obtained by passing a 5% H2/He ﬂow (50 mL/min)
through the pretreated catalyst (about 60 mg). Temperature was increased from room temperature to 900 °C at a rate of 10 °C/min.
Hydrogen concentration in the eﬄuent was continuously monitored by
a thermo conductivity detector. Prior to each TPR run, catalyst was
pretreated in He ﬂow from room temperature to 300 °C and held for
30 min.
CO2 temperature-programmed desorption (CO2-TPD) were carried
out using the same apparatus as in H2-TPR experiments. In the progress,
about 100 mg of the catalyst was heated from room temperature to
900 °C at a rate of 10 °C/min in pure He. Before each TPD test, the
catalyst was pretreated in a He ﬂow from room temperature to 500 °C
and held for 30 min. After cooling to room temperature, 1% CO2/He
was fed to the reactor at 50 mL/min for 30 min, then pure He was
switched to the reactor at 50 mL/min for 30 min to purge away any
residual CO2.
2.3. Catalytic performance tests
All catalytic tests were performed in a continuous ﬂow ﬁxed-bed
stainless steel reactor at atmospheric pressure presented in Fig. S1. A
certain amount of catalyst (20–40 mesh) was placed in the central
section of the reactor. The reactant composition consisted of 5000 ppm
H2S, 2500 ppm O2, and a balance gas of N2. The gas hourly space velocity (GHSV) was ﬁxed at 5000 h−1 and the reaction temperature
ranged from 140 °C to 220 °C. Water was injected to the reactor using a
pump, which would be gasiﬁed at the front end of the steel reactor. A
condenser was attached to the eﬄuent side of the reactor to trap the
solid product (elemental sulfur). The content of the eﬄuent stream was
analyzed with gas chromatography (GC, Agilent Technologies 7890B)
equipped with a FPD+ detector. The exit gas from the analyzer was
passed through a trap containing a concentrated NaOH solution, and
then vented to a hood.
Instantaneous fractional conversion of H2S, sulfur selectivity, and
sulfur yield were deﬁned as

2. Experimental
2.1. Catalyst preparation
La1−xCexFeO3 (x = 0, 0.2, 0.4, 0.6 and 0.8) catalysts were synthesized using a citrate sol-gel method, which was chosen due to its simple
operation process, relatively low calcination temperature and short
calcination time, which may result in improved surface area, as well as
small and homogenized particles of the products [9,11]. Brieﬂy, the
required amounts of La(NO3)3·6H2O, Ce(NO3)3·6H2O, Fe(NO3)3·9H2O
were dissolved in deionized water. Then the aqueous solution of metal
nitrates was added into an aqueous solution of citric acid with an acid/
total metal cations molar ratio of 2:1. After fully mixed, the resulting
clear solution was evaporated slowly at 80 °C in a water bath under
stirring until a gel formed. The gel was dried at 100 °C overnight, followed by calcination in air at 700 °C for 4 h. The obtained catalysts
were denoted as La1−xCexFeO3 which indicates merely the nominal
composition of the solids.

H2 S conversion =

Sulfur selectivity =

(H2 S )in−(H2 S )out
(H2 S )in
(H2 S )in−(H2 S )out −(SO2)out
(H2 S )in−(H2 S )out

Sulfur yield = (H2 S conversion) × (sulfur selectivity)
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2.4. Reaction kinetic tests
A continuous ﬂow ﬁxed-bed quartz tubular microreactor, with a
dimension of 6 mm in internal diameter and 125 mm in length, was
employed in the kinetic experiments. For kinetic measurements, reactions were conducted in kinetic region as proposed in the literatures
[14,15]. The feed gas ﬂow rate reached 125 mL/min and the catalyst
particle size was minished to 0.3–0.45 mm. The catalytic reaction data
were obtained after the reaction was stable for 30 min. The reaction
rate, rH2S (mmol/(g·min)), is calculated as Eq. (1),

rH2S =

FH2S XH2S
W

(1)

wherein, FH2S is the H2S gas ﬂow rate (mmol/min), W is the catalyst
weight (g), XH2S is the conversion of H2S. Besides, the kinetic expression
of the H2S oxidation reaction rate equation was proposed as Eq. (2).

rH2S = kCHα2S COβ2

(2)

Hereafter, the reaction orders (α and β) and reaction rate constant (k)
can be obtained by ﬁtting the catalytic data into Eq. (2). The apparent
activation energy (Ea) was evaluated by applying Arrhenius plots.
3. Results and discussion
3.1. Catalytic performances of La1−xCexFeO3 catalysts
3.1.1. Eﬀect of reaction temperature
The catalytic performances of La1−xCexFeO3 catalysts for H2S selective catalytic oxidation with respect to temperature are established
in Fig. 1. As shown in Fig. 1(a), for LaFeO3, La0.4Ce0.6FeO3 and
La0.2Ce0.8FeO3 catalysts, the H2S conversion ﬁrstly increased with
temperature rise to 200 °C, and then remained almost constant when
temperature exceeded 200 °C. However, La0.6Ce0.4FeO3 and
La0.8Ce0.2FeO3 catalysts presented constant and as high as 94% H2S
conversion in all the investigated temperature range. Moreover, the
La1−xCexFeO3 catalyst presented obviously diﬀerent H2S conversion
variation trend with respect to x when the reaction temperature was
below or exceeded 180 °C. Apparently, La0.6Ce0.4FeO3 catalyst showed
the best H2S conversion when temperature was below 180 °C. However,
when temperature exceeded 180 °C, La0.4Ce0.6FeO3 catalyst displayed
slightly higher H2S conversion.
The sulfur selectivity as a function of temperature is established in
Fig. 1(b). It is important to note that the catalyst presented extremely
high sulfur selectivity, constant at nearly 100%, for all the catalysts in
the reaction temperature range. Namely, the sulfur yield displayed the
identical proﬁle to that of H2S conversion (Fig. 1(a)). Notably,
La0.4Ce0.6FeO3 catalyst showed the highest sulfur yield, as high as 98%,
at 200 °C. Besides, La0.6Ce0.4FeO3 catalyst also can obtain prominently
high sulfur yield, as high as 97%, at 180 °C. Taking into account the
high sulfur yield performance (constantly higher than 95%) of
La0.6Ce0.4FeO3 catalyst in the whole investigated reaction temperature
range, it is reasonable to choose La0.6Ce0.4FeO3 catalyst for the candidate to further study the inﬂuence of GHSV, H2S/O2 molar ratio, water
vapor and time on stream behavior.
Furthermore, the kinetic equation was proposed and established
C 0.52 ). The data calculated using this equation were in
(rH2S = kCH0.47
2 S O2
good agreement with the experimental data. Moreover, the Arrhenius
plots for La1−xCexFeO3 catalysts are presented in Fig. 2 and the calculated kinetic parameters are summarized in Table S1. Based on the
above information, the apparent activation energy (Ea) values for H2S
selective oxidation were obtained and that increased in the sequence
La0.6Ce0.4FeO3 < La0.4Ce0.6FeO3 < La0.8Ce0.2FeO3 < La0.2Ce0.8FeO3< LaFeO3. It is signiﬁcantly note that La1−xCexFeO3 catalysts presented particularly lower Ea values (< 10 kJ/mol) in comparison with
the literature reports (65–120 kJ/mol for FeSO4/SiO2 [16], 53 kJ/mol
for VSbO4 [17] and 46 kJ/mol for V2O5/CeO2 [14], respectively).

Fig. 1. Eﬀect of temperature on H2S conversion (a) and sulfur selectivity (b) for
La1−xCexFeO3 catalysts (reaction conditions: H2S/O2/N2 = 0.5/0.25/99.25,
GHSV = 5000 h−1).

Fig. 2. Arrhenius plots for H2S selective oxidation over La1−xCexFeO3 catalysts.
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but negative eﬀect on sulfur selectivity with excessive O2. Consequently, the catalyst presented relatively high sulfur yield under stoichiometric and proper excessive O2 condition (H2S/O2 = 1.5), however, it suﬀered from the large excessive O2. In a word, the catalyst can
present excellent catalytic performance under stoichiometric H2S/O2
condition without the requirement of large excess O2. As reported
[8,18–20], most of the developed H2S selective oxidation catalysts
suﬀer from the drawbacks that it needs high reaction temperature or
relatively large excess of oxygen to participate in the reaction (shown in
Table S2). Therefore, compared with other catalysts, La1−xCexFeO3
catalysts can not only reduce the reaction temperature but also improve
the catalytic activities signiﬁcantly.
3.1.4. Eﬀect of water vapor
Water vapor was added to the reaction feed stream to examine the
eﬀect of water on the catalytic performance of La0.6Ce0.4FeO3 catalyst
at 180 °C. As described in Fig. 5, water vapor can apparently inﬂuence
the catalytic performance. Both H2S conversion and sulfur selectivity
were decreased gradually with the rise of water vapor content. Especially, the sulfur selectivity dropped sharply from 96% to 81% accompanying by the water vapor content increased from 25% to 30%.
Therefore, it seems very likely that the catalyst was sensitive to water
vapor.

Fig. 3. Eﬀect of GHSV on catalytic performance for the La0.6Ce0.4FeO3 catalyst
(reaction conditions: H2S/O2/N2 = 0.5/0.25/99.25, T = 180 °C).

Therefore, it can be concluded that H2S selective oxidation reaction can
take place more readily over La1−xCexFeO3 catalysts.
3.1.2. Eﬀect of GHSV
The eﬀect of GHSV on catalytic performance was conducted over
La0.6Ce0.4FeO3 catalyst at 180 °C. As shown in Fig. 3, the sulfur selectivity was maintained constant at nearly 100% in the GHSV range of
2000–24000 h−1. However, nearly 100% H2S conversion can be obtained only in terms of the GHSV was below 5000 h−1, subsequently, it
decreased with the further rise of GHSV. In spite of this, the H2S conversion and sulfur yield were still higher than 90%.

3.1.5. Durability of La1−xCexFeO3 catalysts
Catalyst stability is an important criterion for industrial applications. Fig. 6 depicts the durability behavior of La0.6Ce0.4FeO3 catalyst at
180 °C. It is observed clearly that the sulfur selectivity can be remained
constantly at nearly 100% with the reaction continuously proceeded for
70 h. However, byproduct SO2 was detected after that. Meanwhile, the
H2S conversion and sulfur yield were decreased gradually, however, the
sulfur yield was still as high as nearly 90% after a 70 h reaction. Thus,
compared with other metal oxide catalysts [21–23], the durability was
eﬀectively improved.
Upon the above analysis, it reveals that the La1−xCexFeO3 catalysts
possess particularly low Ea and can present excellent catalytic activity,
high selectivity (nearly 100%) and outstanding stability. In addition, it
does not require the presentation of excessive O2. However, little is
known with certainty about the existence form of active phase as well
as the catalytic and catalyst deactivation mechanisms. Furthermore, it
is signiﬁcant to explore the cause of why byproduct SO2 was formed
after a 70 h reaction and what happened to the reaction or catalyst after
water was added to the feed stream. Therefore, various approaches
were employed to respond the above issues.

3.1.3. Eﬀect of the H2S/O2 molar ratio
Fig. 4 illustrates the eﬀect of the H2S/O2 molar ratio on H2S selective catalytic oxidation over La0.6Ce0.4FeO3 catalyst at 180 °C. As
shown, H2S conversion was increased from 76% to nearly 100% upon
the decrease of H2S/O2 molar ratio from 3:1 to 1.5:1, namely, from
inadequate to excessive O2. And the conversion was remained constantly at nearly 100% when further decreased the H2S/O2 to 1. Thus, a
proper excess of O2 is favorable to the H2S conversion. On the other
hand, the sulfur selectivity can only be maintained at nearly 100% with
inadequate or the stoichiometric O2. And a further increase of O2 can
trigger the decrease of sulfur selectivity. Therefore, it is no signiﬁcant

Fig. 4. Eﬀect of the H2S/O2 molar ratio on catalytic performance for the
La0.6Ce0.4FeO3 catalyst (reaction conditions: H2S = 5000 ppm, T = 180 °C,
GHSV = 5000 h−1).

Fig. 5. Eﬀect of H2O(g) content on catalytic performance for the La0.6Ce0.4FeO3
catalyst (reaction conditions: H2S/O2/N2 = 0.5/0.25/99.25, T = 180 °C,
GHSV = 5000 h−1).
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Fig. 6. Time on stream behavior of the La0.6Ce0.4FeO3 catalyst (reaction conditions: H2S/O2/N2 = 0.5/0.25/99.25, T = 180 °C, GHSV = 5000 h−1).

3.2. Phase and structural properties of La1−xCexFeO3 catalysts
Fig. 7 shows the X-rays diﬀractograms of La1−xCexFeO3 catalysts. As
seen, the diﬀractogram of pure LaFeO3 catalyst was dominated by peaks
at 22.5°, 32.1°, 39.6°, 46.1°, 51.8°, 57.3°, 67.2° and 76.4°, which are
main features of perovskite-type structure with orthorhombic symmetry
(PDF 37-1493), space group Pnma (#62) [24,25]. More signiﬁcantly, a
gradual intensiﬁed peak appeared at 28° related to CeO2 with ﬂuorite
structure was detected with the rise of x from 0.2 to 0.8 [26,27]. What’s
more, the peak located at 32.1° shifted progressively toward higher
angles along with the rise of x. This behavior is due mainly to the
contraction of the CeO2 network by the substitution of Ce4+ by smaller
Fe3+ ions [28,29]. Therefore, it reveals the formation of Ce-Fe solid
solution. Notably, the diﬀractogram presented similar features with
x ≤ 0.4. At odds with that, remarkably diﬀerent features were observed
with the further rise of x to 0.6 and 0.8. In that case, the peaks related to
perovskite structure were gradually vanished. Moreover, diﬀraction
peaks around 35° attributed to the (1 1 0) plane of α-Fe2O3 and around
57° corresponding to CeO2 were captured [28]. It hints that the Ce-Fe
solid solution is well crystallized and new α-Fe2O3 species is formed.
Raman spectroscopy and EPR were applied to further explore the
catalysts structure features. As shown in Fig. 8, the Raman spectrum of
LaFeO3 catalyst was dominated by the bands centered at 140 cm−1,

Fig. 8. Raman spectra of La1−xCexFeO3 catalysts.

418 cm−1 and 640 cm−1, suggesting that the formation of orthorhombic LaFeO3 [30,31]. In the case of Ce substituted perovskite catalysts, it can be noted that the bands at 418 cm−1 and 640 cm−1 were
disappeared gradually, implying the progressive destruction of perovskite orthorhombic structure. Additionally, the band at 140 cm−1
was broadened and shifted slightly to lower wavenumbers gradually
accompanying by the increase of x. This phenomenon can be ascribed to
the disorder eﬀect induced by the substitution of La by Ce in the LaFeO3
lattice [31,32]. Thus, it evidences that partial Ce was embedded into
the LaFeO3 structure and formed LaCeFeO3 perovskite. Signiﬁcantly, a
new band located at 456 cm−1 was presented for all the Ce substituted
perovskite catalysts, which can be ascribed to the F2g mode of CeO2
ﬂuorite structure, namely, the symmetry breathing vibration of O atoms
around Ce4+ [28,33]. Furthermore, for La0.4Ce0.6FeO3 and
La0.2Ce0.8FeO3 catalysts, an intense band at 286 cm−1 along with two
weak bands at 217 cm−1 and 407 cm−1 attributed to α-Fe2O3 structure
were detected [28,34], implying the formation of α-Fe2O3 species.
Meanwhile, the EPR curves are shown in Fig. S2. However, the spectra
presented remarkably diﬀerent signal characteristics with the rise of x,
indicating the formation of a diﬀerent structure. For LaFeO3 catalyst,
only a single and weak signal at g ≈ 4.3 related to isolated Fe3+ ions
located in octahedrally coordinated sites of the LaFeO3 perovskite-type
structure was detected [35]. For La0.8Ce0.2FeO3, La0.6Ce0.4FeO3 and
La0.4Ce0.6FeO3 catalysts, the rather diﬀerent spectra were dominated by
a broad signal at g ≈ 2.2, which is regarded as the 3-coordinated Fe
species in CeO2 structure [36]. It therefore apparently conﬁrms the
formation of Ce-Fe solid solution. In the case of La0.2Ce0.8FeO3 catalyst,
two signals appeared at g ≈ 2.8 and g ≈ 2.0 corresponding to Fe3+ in a
Fe2O3 environment dominated the spectrum [22]. Signiﬁcantly, no EPR
signal of cerium species was detected, which was probably covered by

Fig. 7. XRD patterns of La1−xCexFeO3 catalysts.
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surface area and pore volume and pore size, imply the diﬀerent structure of
the catalyst. It is in accordance with the above results. For catalysts, an
increase in their BET surface area was favorable for the exposure of active
sites, allowing to achieving higher catalytic activity. As listed in Table 1, it
could be seen that their surface areas decreased in the sequence
La0.6Ce0.4FeO3 > La0.8Ce0.2FeO3 > LaFeO3 > La0.6Ce0.4FeO3 > La0.2Ce0.8FeO3. However, their catalytic activity presented quite diﬀerent trends
(seen in Section 3.1.1). Thus, the BET surface area of the catalysts was not
the key factor accounting for the catalytic activity.

Table 1
Textural properties, Raman results and H2 consumption of La1−xCexFeO3 catalysts.
Catalyst

SBET
(m2/g)

VP
(cm3/g)

DP
(nm)

Peak areaa

H2 consumptionb
(mmol/g)

LaFeO3
La0.8Ce0.2FeO3
La0.6Ce0.4FeO3
La0.4Ce0.6FeO3
La0.2Ce0.8FeO3

14.8
15.6
16.5
10.6
9.4

0.08
0.1
0.09
0.07
0.02

13.9
23.6
17.4
20.1
5.0

–
9068
21,797
21,218
–

0.19
0.21
0.45
1.29
2.60

a
b

Integrated area for the peaks around 585 cm−1 over Raman spectra.
Data based on quantitative analysis of H2-TPR proﬁles.

3.3. Surface oxygen properties of La1−xCexFeO3 catalysts
It is well-known that the surface oxygen property appears to be a
main parameter for the reaction. In Raman spectra (Fig. 8), it is extremely important to note that a band at 550 cm−1 related to the
oxygen vacancy defects (Ov) was detected for La0.8Ce0.2FeO3,
La0.6Ce0.4FeO3 and La0.4Ce0.6FeO3 catalysts. However, the band related
to oxygen vacancy was disappeared for La0.2Ce0.8FeO3 catalyst. It
suggests that incorporating with small amounts of Ce can facilitate the
formation of oxygen vacancies. However, large introduction can hinder
the formation. According to the literature, the formation of Ce-Fe solid
solution can result in the appearance of oxygen vacancy [33]. Accordingly, the phenomenon can be reasonably explained by the fact
that diﬀerent mechanisms are generated to keep the charge balance
when Ce4+ is replaced by Fe3+ in Ce-Fe solid solution, (i) the vacancy
compensation mechanism, that improves the generation of oxygen vacancies and (ii) the dopant interstitial compensation mechanism, which
eliminates them [28,33]. Furthermore, the disappearance of the band at
550 cm−1 for La0.2Ce0.8FeO3 catalyst implies the diﬀerent structure of
the catalyst, which was already conﬁrmed by EPR and Raman results.
Therefore, the introduction of Ce can lead the formation of Ce-Fe solid
solution, subsequently, resulting in the formation of oxygen vacancies.
Based on that, O 1s XPS of the fresh La0.6Ce0.4FeO3 catalyst was adopted
to examine the existence of oxygen vacancy on catalyst surface. As
shown in Fig. 9(c), the curve can be deconvoluted into two peaks. The
peak at lower binding energy (528.85 eV) was associated to lattice

the Fe species signals.
Besides, XPS was carried out with the object to investigate the
chemistry status of the prepared catalysts. As displayed in Fig. S3(a),
the XPS peak at 710.3 eV attributed to the spin-orbit splitting of Fe 2p3/
2 as well as peak at 724.0 eV corresponding to the Fe 2p1/2 can be
detected for all the catalysts. Importantly, the peak position and energy
diﬀerence between Fe 2p3/2 and Fe 2p1/2 (13.6 eV) are typical of Fe3+
in oxidic environment, indicating the unique existence of Fe3+ in the
fresh catalyst [22,25]. Meanwhile, for Ce 3d XPS spectra (Fig. S3(b)),
the spectrum was complex in 880–920 eV range due to the hybridization of O 2p valence band with the Ce 4f level. And the peaks labeled u
(u0-u‴) and v (v0-v‴) were corresponding to the Ce 3d3/2 and Ce 3d5/2
spin-orbit states, respectively [37]. Moreover, the peaks denoted by u0,
u′, v0 and v′ were characteristic of the Ce3+ species while the other
peaks were related to Ce4+ ions [38]. Thus, the XPS results illustrate
the co-existence of Ce3+ and Ce4+.
Additionally, the nitrogen adsorption-desorption isotherms and BJH
pore size distribution of all catalysts are shown in Fig. S4 and the textural
properties are collected in Table 1. As shown, all the catalysts, except
La0.2Ce0.8FeO3, displayed type IV isotherms with pronounced hysteresis
loops, a typical characteristic of mesoporous materials [39,40]. Besides, the
abnormal textual properties of La0.2Ce0.8FeO3 catalyst, i.e. small speciﬁc

Fig. 9. XPS spectra of the fresh and used La0.6Ce0.4FeO3 catalysts.
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3.5. Basic properties of La1−xCexFeO3 catalysts

oxygen (Olat) and the one at higher binding energy (530.94 eV) was
assigned to oxygen chemically absorbed on oxygen vacancies (Oads)
[25]. Therefore, the XPS conﬁrms the existence of oxygen vacancy and
lattice oxygen within the catalyst. Furthermore, the mentioned Raman
bands were deconvoluted using a Gaussian method, and the corresponding peak areas are listed in Table 1. It can be seen that the oxygen
vacancy
concentration
decreased
in
the
order:
La0.6Ce0.4FeO3 > La0.4Ce0.6FeO3 > La0.2Ce0.8FeO3. As is known, the
oxygen vacancy can accelerate the dissociation of oxygen molecules
and increase the mobility of lattice oxygen [24]. Simultaneously, the
lattice oxygen are nucleophilic reagents and are responsible for selective oxidation reactions. Therefore, the existence of oxygen vacancy
and lattice oxygen are beneﬁcial for the reaction.

As known that the basic properties, especially the moderate basic
sites on the catalysts surface, play an important role in H2S selective
oxidation process. Based on that, CO2-TPD was performed to evaluate
the basic properties of the catalysts and the results are shown in Fig. S5.
Clearly, the TPD proﬁles of these catalysts could be spilt into three
peaks, assigning to weak (CO2 desorption below 200 °C), moderate
(CO2 desorption between 200 and 400 °C) and strong (CO2 desorption
higher than 400 °C) basicity [45,46], respectively. Additionally, the
amount of the moderate basic sites initially increased with the rise of
substituted Ce content to 0.4, and then it decreased with the further rise
of substituted Ce content. Therefore, the La0.6Ce0.4FeO3 possessed the
largest amount of moderate basicity. Moreover, the BET surface area
can be partially responsible for the amount of basic sites [13]. So, the
less amount of moderate basic sites in La0.4Ce0.6FeO3 and
La0.2Ce0.8FeO3 catalysts was probably due to the smaller speciﬁc area.

3.4. Reductive properties of La1−xCexFeO3 catalysts
H2-TPR was employed to evaluate the redox properties of
La1−xCexFeO3 catalysts, and the proﬁles are displayed in Fig. 10. It can
be observed that only a broad reduction peak centered 487 °C was detected for pure LaFeO3, it can be attributed to the reduction of Fe3+
[27,41]. However, two peaks centered at around 370–380 °C and
560–590 °C dominated the curves when rise x to 0.2 and 0.4. And the
peak at lower temperature can be ascribed to the reduction of Fe3+
species to Fe3O4. Signiﬁcantly, the simultaneous reduction of surface
Ce4+ species can be occurred taking into account of the reduction
temperature of Fe2O3 and CeO2 [28]. Meanwhile, the peak at higher
temperature was overlapped by the reduction of bulk Ce4+ species and
Fe3O4 to Fe [27]. As for La0.4Ce0.6FeO3 catalyst, the peaks were shifted
toward relatively higher temperature (419 °C and 626 °C), respectively,
due to the formation of better crystallized Fe-Ce solid solution. Moreover, a new peak occurred at 500 °C was observed, which can be assigned to the intermediate reduction steps of Fe species to metallic Fe
[42,43]. Notably, the La0.2Ce0.8FeO3 catalyst presented remarkably
diﬀerent reduction features due the diﬀerent structure property. It is
worth noting that all the reduction temperature of Ce and Fe species
shifted toward lower temperature with respect to the pure Fe2O3 and
CeO2, even though the temperature shifted gradually to higher temperature with the rise of x. It demonstrates that the reducibility of
La1−xCexFeO3 catalysts is greatly improved due to the Ce-Fe synergy
[28,44]. Among them, La0.8Ce0.2FeO3 and La0.6Ce0.4FeO3 catalysts
presented better reducibility. The improved reducibility can as well
contribute to the high catalytic activity.

3.6. Catalytic and catalyst deactivation mechanisms
3.6.1. Catalytic reaction mechanism
The XPS analysis of the used La0.6Ce0.4FeO3 catalysts (after durability test) was carried out and the results are shown in Fig. 9 and
summarized in Table 2. For Fe 2p XPS, a new peak occurred at 707.2 eV
related to the Fe2+ was observed, indicating the presence of Fe2+ after
reaction [47]. Meanwhile, no new peak was detected for Ce 3d XPS.
Nevertheless, the molar ratio of Ce4+/Ce3+ obtained from the deconvoluted XPS spectra decreased from 1.86 to 1.10 after reaction. Thus,
the above information indicates that both the Fe3+ and Ce4+ participated in the oxidation reaction. Besides, it is important to ﬁnd that the
XPS peaks corresponding to lattice oxygen decreased sharply and the
ratio of Oads/Olat increased apparently from 1.01 to 5.54 after a 73 h
reaction, indicating that lattice oxygen was also involved in the reaction. Therefore, it seems logically to tentatively proposed the catalytic
mechanism as the following: The H2S was ﬁrstly adsorbed on the surface moderate sites, and then, the adsorbed H2S species was oxidized to
elemental sulfur by surface lattice oxygen, simultaneously, leading to
the reduction of Fe3+ to Fe2+ or Ce4+ to Ce3+. Sequently, the lattice
oxygen were then replenished by the molecule oxygen which fulﬁlled
the redox cycle by oxidizing Fe2+ to Fe3+ and Ce3+ to Ce4+. Moreover,
the excellent catalytic activity and durability of the catalysts were due
mainly to the enhanced reducibility, abundant existence of oxygen
vacancies and moderate basic sites on the catalyst surface. Furthermore,
the catalytic performance can be reasonably explained by the proposed
mechanism. Firstly, when the reaction temperature was below 180 °C,
the reducibility of Fe3+ and Ce4+, the amount of moderate basic sites
associated with the lattice oxygen mobility were the reaction rate-determining step. Thus, La0.8Ce0.2FeO3 and La0.6Ce0.4FeO3 catalysts presented relatively high catalytic activity. However, the active phase is
active enough when the temperature exceed 180 °C, the Ce4+ and Fe3+
content was the reaction rate-determining step. Therefore,
La0.4Ce0.6FeO3 catalyst presents relatively high catalytic activity. The
relatively poor catalytic performance of La0.2Ce0.8FeO3 was due mainly
to the absence of oxygen vacancy on the surface and the formation of
better crystallized stable Fe-Ce solid solution.
Table 2
XPS results of the fresh and used La0.6Ce0.4FeO3 catalysts.
Catalyst

Fresh
Used

Fig. 10. H2-TPR proﬁle of La1−xCexFeO3 catalysts.

a
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1.86
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deactivation mechanisms were investigated systematically. The reaction obeyed a redox mechanism and the catalyst deactivation was due
mainly to the formation of sulfate species. Additionally, the added
water can lead to the establishment of the reverse Claus reaction,
causing the decrease of catalytic performance.

3.6.2. Catalyst deactivation mechanism
The S 2p XPS spectrum of the used La0.6Ce0.4FeO3 catalyst is provided to explore the catalyst deactivation process. As shown in
Fig. 9(d), three discernible components relating diﬀerent sulfur species
can be judged by the cure ﬁtting analysis. The peak located at
162.60 eV was ascribed to S22− exited in form of FeS2 [47,48], and the
peak at 163.85 eV was assigned to the presence of Sn [49]. Meanwhile,
the peaks at 168.84 and 170.03 eV were considered in correlation with
the SO42− species [22,48], namely, iron sulfate and cerium sulfate
species [23,50]. It is evidenced by the fact that the Fe 2p and Ce 3d
energy values of the used catalyst shifted slightly toward higher values,
index of an increase of positive polarity, caused by the interaction between the sulfate anion and the iron and cerium cations [51]. Moreover, the sulfate species are among the major sulfur species, which
content is as high as 10.3 wt% according to the XPS analysis. Thus, it
can be concluded that the decrease of catalytic activity was due mainly
to the formation of thermal stability and hardly oxidized iron sulfate
and cerium sulfate [16,23]. As the formation of iron sulfate and cerium
sulfate can disrupt the Fe3+/Fe2+ and Ce4+/Ce3+ redox processes,
leading to a slower oxidation rate of Fe2+ to Fe3+ and Ce3+ to Ce4+ by
O2 versus the reduction rate of Fe3+ to Fe2+ and Ce4+ to Ce3+ by H2S,
therefore causing the decrease of catalytic activity. Moreover, the deposition of elemental sulfur was also responsible for the decrease of
catalytic activity [13,22]. On the other hand, the generation of SO2
after a 70 h reaction was resulted from the formation of FeS2 during the
course, which can act as a catalyst accelerating the formation of SO2
[52].
Based on the above analysis, the eﬀect of H2S/O2 on catalytic activity could be explained as following. The more gaseous O2 in the feed,
a higher oxidation rate of Fe2+ to Fe3+ and Ce3+ to Ce4+ by O2, to be
more precise, more Fe3+ and Ce4+ can participate in the reaction [11].
This result may account for the higher conversion of H2S in excessive
O2. However, deep oxidation of H2S and further oxidation of the produced elemental sulfur by excessive gaseous O2 can produce SO2
[20,22], which cause the decrease in sulfur selectivity.
As mentioned above, H2S conversion and sulfur selectivity both
decreased when adding water vapor into the feed stream. As reported,
water can inﬂuence the catalytic performance in two approaches. One
way, H2O and H2S can completely adsorb on the same active sites [53].
Therefore, it limits the H2S adsorption, subsequently resulting in the
decrease of H2S conversion. On the other hand, the presence of water
can lead to the establishment of the reverse Claus reaction,
3/ nSn + 2H2 O ↔ 2H2 S + SO2 , causing the decrease of H2S conversion
and sulfur selectivity [53,20]. Taking into account of the catalyst behavior with water containing condition, it infers that the catalyst deactivation caused by water was due mainly to the establishment of
reverse Claus reaction.
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