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La2O3-supported Ir catalyst was prepared by wetness impregnation method for the oxidative steam
reforming of ethanol (OSRE). Fresh, reduced, and used catalysts were characterized by N2 adsorption,
H2 chemisorption, XRD, FT-IR, TEM, and XPS. La2O3 would transform into hexagonal La2O2CO3 during
OSRE, which suppress coking effectively. Reduced Ir metal can interplay with La2O2CO3 to form Ir-doped
La2O2CO3. It dynamically forms and decomposes to release active Ir nanoparticles, thereby preventing the
catalyst from sintering and affording high dispersion of Ir/La2O3 catalysts at elevated temperatures. By
introducing ultrasonic-assisted impregnation method during the preparation of a catalyst, the surface
Ir concentration was significantly improved, while the in situ dispersion effect inhibited Ir from sintering.
The Ir/La2O3 catalyst prepared by the ultrasonic-assisted impregnation method is highly active and stable
for the OSRE reaction, in which the Ir crystallite size was maintained at 3.2 nm after 100 h on stream at
650 �C and metal loading was high up to 9 wt%.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Producing hydrogen with high efficiency and less environmental
impact is highly desired for the growing fuel cell technique and
industry [1–3]. Due to low toxicity and renewability, bio-ethanol
is of great interest as a feedstock for hydrogen production. Hydro-
gen can be produced via steam reforming of ethanol (SRE) at
400–700 �C over supported metal catalysts [2,4]. However, this pro-
cess frequently suffers from severe deactivation caused by coking
and sintering. High H2O/EtOH ratio can decrease the coke deposi-
tion rate at the expense of energy efficiency [5]. Recently, Pereira
et al. [6] reported that coke can also be removed through a repeated
burning process. However, complicated control is necessary for the
switchable reaction–regeneration operation. Operating at higher
temperature or introducing modest oxygen in the reaction stream
(Oxidation Steam Reforming, OSR) is helpful to depress the coke
formation, while the thermal sintering of both active components
and supports makes the issue more challenging [7–9].

Addition of alkaline [10], alkaline earth [11], and rare earth [12]
oxides to catalysts can inhibit coking due to the cracking of
ethylene. Due to the outstanding oxygen storage ability of CeO2,
the Rh–CeO2/Al2O3 [13–15], Ni–Rh/CeO2 [16], and Ir/CeO2 [17] cat-
alysts showed excellent activity and stability in reforming ethanol.
It was proposed that the strong metal–CeO2 interaction played an
ll rights reserved.

eng@scut.edu.cn (F. Peng).
important role. It has been reported that the unique interaction be-
tween La2O3 and metal catalysts can depress the formation of coke
[18]. Recently, Araujo et al. [19] proposed the possibility of La2O3 to
enhance the dispersion of noble metal. Since the specific-surface-
areas of these oxides are relatively low, they are frequently used
to modify high specific-surface-area Al2O3 supports [12,20].

Compared with common Al2O3, the low-surface-area supports
have preferable thermal stability. However, it is relatively difficult
to introduce and stabilize active metals onto them with high dis-
persion. Under proper conditions, new complex species may be
formed through the strong interaction between active metals and
supports (SIMS) [19,21–23]. By the decomposition of these com-
plexes, active metals can be in situ formed and delivered to im-
prove the dispersion. For example, by reducing the perovskite-
type La2NiO4/LaNiO3, a well-dispersed Ni-supported La2O3 oxide
can be obtained [24,25]. However, if the process is irreversible,
the long-term stability cannot be achieved due to successive
sintering.

La2O3 as a support has been widely investigated due to its ther-
mal stability and diverse crystalline phases. Depending on catalyst
preparation and active metals employed, lanthanum oxide species
can transform into La2O3 [26], La(OH)3 [27], tetragonal (I), mono-
clinic (Ia), and hexagonal (II) La2O2CO3 [28,29]. Some of these
phase transitions are reversible, such as La2O3 + CO2 M La2O2CO3

at �600 �C [30]. Verykios and co-workers have proved that the
coke deposited on the interface between Ni and La2O2CO3 may
be gasified by: La2O2CO3 + C ? La2O3 + 2CO [18,31]. This reaction
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effectively suppresses coking of Ni/La2O3 catalyst in SRE. The SIMS
effect between lanthanum species and active metals has also been
observed by several authors [31–33]. Recently, it has been reported
that Ni nanocrystallites were stabilized over La2O2CO3, while they
were aggregated over La(OH)3 [27]. However, these unique interac-
tions have not been fully elucidated yet. Thus, the in-depth under-
standing and delicate design for SIMS are essential and highly
desired.

In this work, La2O3-supported Ir catalysts were employed to
catalyze the OSRE reaction for hydrogen production. The resistance
to coking and sintering of Ir/La2O3 at elevated temperatures was
observed. We proposed that the excellent performance of Ir/
La2O3 was due to the formation of La2O2CO3 and an in situ disper-
sion effect of Ir on La2O2CO3. Based on the insight to the SIMS
between Ir and La2O2CO3, a supersonic-assisted impregnation
method was proposed. Due to the in situ dispersion effect, the
resulting catalyst possessed enhanced OSRE performance in terms
of the activity and stability.
2. Experimental section

2.1. Catalyst preparation

The Ir catalysts were prepared by impregnating appropriate
amounts of iridium precursor (IrCl3�nH2O, Ir content: 54.51 wt%,
Shanghai July Chemical Co., Ltd., China) onto La2O3 (Sinopharm
Chemical Reagent Co., Ltd.). The impregnated catalysts were dried
at 120 �C overnight, and then calcined at 500 �C in air for 2 h. The
loading of Ir was 9 or 4.8 wt% of catalyst. The resulting catalysts
were denoted as Ir(9)/La2O3-i and Ir(4.8)/La2O3-i, respectively.
For comparison, Ir(4.8)/Al2O3-i catalyst was prepared by replacing
La2O3 with c-Al2O3 (Zeolitechem Co., Ltd.) and controlling the Ir
loading as 4.8 wt% with the above-mentioned procedure.

As far as ultrasonic-assisted impregnation method was con-
cerned, IrCl3�nH2O and citric acid were dissolved into distilled
water to obtain a brown solution. Under ultrasonic condition at
300 W (Ultrasonic Processors VCX 750, Sonics & Materials, Inc.),
La2O3 and H2O2 were introduced in sequence, and the latter was
added dropwise. The molecular ratio of IrCl3�nH2O:citric
acid:H2O2:La2O3 was 1:2:1:6. Then the system was sonicated for
another 15 min until a light blue suspension was obtained, indicat-
ing that Ir3+ was oxidized to Ir4+ [34]. The resulting catalyst was
dried at 120 �C overnight, and then calcined at 500 �C in argon
for 2 h. The catalyst was denoted as Ir(9)/La2O3-s.
2.2. Catalyst characterizations

Since La2O3 tends to form hydrated La2(CO3)3 when exposed to
damp air [29], the reduced or used samples were cooled down to
room temperature under N2 atmosphere and sealed prior to char-
acterization. Specific-surface-areas of supported Ir catalysts were
measured by N2 adsorption at liquid N2 temperature (ASAP 2010,
Micromeritics). Before the measurement of surface area, the sam-
ples were degassed at 300 �C in vacuum overnight. X-ray diffrac-
tion experiments (D/max-IIIA, Rigaku) were carried out from 5�
to 90� with a step-size of 0.02� and a counting time of 2 s. The FTIR
spectra were obtained using a Nicolet 380 FT-IR spectrometer
equipped with a DTGS–CsI detector and a CsI beamsplitter. The
samples were scanned 32 times with a resolution of 4 cm�1. TEM
and HRTEM images were obtained in JEM-2010/2010F (JEOL)
microscopes equipped with INCA Energy Dispersive Spectrometer
(Oxford Instruments) operating at 200 kV. Specimens for TEM
and HRTEM were prepared by ultrasonically suspending the sam-
ple in acetone and depositing a drop of the suspension onto a grid.
X-ray photoelectron spectroscopy (XPS) was performed with a
Kratos Axis ultra (DLD) equipped with Al Ka X-ray source. The
binding energies (±0.2 eV) were referenced to the C1s peak at
284.6 eV due to adventitious carbon.

H2 chemisorption experiments were carried out in an Auto
Chem II chemisorption Analyzer. 0.2 g catalyst sample was firstly
reduced in a flow of H2/Ar (10 vol% of H2) at 500 �C for 40 min at
a ramping rate of 10 �C/min. After purging with Ar for 10 min,
the sample was cooled down to 50 �C in argon. The adsorption of
hydrogen was carried out by pulsing H2/Ar (10 vol% of H2) until
saturation. Hydrogen consumption was detected by a thermal con-
ductivity detector (TCD). The particle size can be calculated by:
d = 6M/(6.02 � 1023�qrD), where d is the diameter of Ir particle
in nanometers (nm), M is the relative molecular weight of Ir
(192.22), q is the density of Ir (22.5 g/cm3), r is the occupied area
of a Ir atom (�0.01 nm2), and D is the dispersion defined as the
fraction of surface atom.

2.3. Catalytic reaction

Catalytic tests were performed in a quartz fixed-bed reactor
with a preheater. In each experiment, 0.1–0.2 g catalysts were
sandwiched with quartz wool and packed in the reactor. A thermo-
couple was inserted into the center of the catalytic bed to monitor
the reaction temperature. Before the reaction, the catalyst was
activated with hydrogen of 50 ml/min at 500 �C for 40 min. Then,
a mixture of ethanol and water with 1:3 molar ratio was fed into
the preheater by a syringe pump at a flow rate of 0.1 ml/min,
and vaporized at 140 �C. For OSRE reaction, air at room tempera-
ture was introduced and mixed with the gaseous reactant at the in-
let of the reactor. The molar ratio of ethanol to oxygen was 1:0.83.
The gas hourly space velocity (GHSV) was 5 � 104 h�1. As the per-
formance of Ir(9)/La2O3-i was compared with that of Ir(9)La2O3-s, a
GHSV of 1.9 � 105 h�1 was also used. The reaction temperature
was 450–700 �C. For comparison, SRE reaction was also carried
out over Ir(9)/La2O3-i under the same conditions as those of OSRE
at GHSV = 5 � 104 h�1 except for the introduction of air at 650 �C
for 3 h. The corresponding GHSV was 3.6 � 104 h�1.

The reformate was analyzed by an Agilent 6820 GC equipped
with Haysep (for the analysis of ethanol, acetaldehyde, water, ace-
tone, CO2, and C2H4) and 13� molecular sieve (for H2, N2, CO, and
CH4) packed columns. N2 was used as the inert standard to calcu-
late the mass balances. The carbon balances of GC analysis were
within 100 ± 8%. The ethanol conversion and product selectivities
were calculated by:

XEthanol ¼
FEthanol; in � FEthanol; out

FEthanol;in
;

SH2 ¼
FH2 out

ð6� 2dÞ � FEthanol; in � XEthanol
;

Si ¼
m� F i; out

2� FEthanol; in � XEthanol
;

where F is the normal flow rate, m is the number of carbon atoms in
a product molecule, and d is the stoichiometric number of O2 in
OSRE reaction:

C2H5OHþdO2 þ ð3� 2dÞH2O! ð6� 2dÞH2 þ 2CO2:
3. Results and discussion

3.1. Evolution of catalyst support over Ir/La2O3-i catalyst

Fig. 1 presents the XRD spectra of Ir(9)/La2O3-i catalyst at vari-
ous conditions. The fresh Ir(9)/La2O3-i sample shows diffraction
peaks from hydrated La2(CO3)3. The absence of Ir0 or IrO2 peaks
indicates that complex or amorphous structures may be formed.
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Fig. 1. XRD spectra of fresh, reduced, and used Ir(9)/La2O3-i catalysts for 5, 10, and
30 min, 1, 3, and 5 h on stream. OSRE reaction conditions: EtOH:O2:H2O = 1:0.83:3,
GHSV = 5 � 104 h�1, 650 �C.

Fig. 2. TEM images of the used (a) Ir(9)/La2O3-i and (b) Ir(4.8)/Al2O3-i catalysts. The
histogram of particle diameter of Ir(9)/La2O3-i is shown in the inset of (a). OSRE
reaction conditions: EtOH:O2:H2O = 1:0.83:3, GHSV = 5 � 104 h�1, 650 �C, time on
stream of 3 h.
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After reduction with hydrogen, the (1 0 0) plane peak of cubic Ir
appeared. Meanwhile, diffraction peaks from three La-containing
species appeared, i.e. La2O3, La2O2CO3-II, and La(OH)3, among
which La2O3 dominated. The peaks of La2O3 disappeared after
5 min at 650 �C, while the peaks of Ia and II-type La2O2CO3 became
stronger, indicating that La2O3 was converted into La2O2CO3 rap-
idly under OSRE conditions. With reaction time elapsed, the peaks
of La2O2CO3-Ia gradually diminished, and those of La2O2CO3-II en-
hanced, indicating that La2O2CO3-Ia was transformed into La2O2-

CO3-II. The formation and evolution of dioxymonocarbonate
La2O2CO3 during the OSRE reaction was also verified by FTIR spec-
troscopy (see Fig. S1 in Supplementary material). In this paper,
although the support was mainly La2O2CO3 during the reaction,
we denoted the catalyst as Ir/La2O3 for convenience.

The transformation of La2O3 to La2O2CO3 has been observed in
several reactions [18,22,35]. Carbon-containing species, such as
coke, CO2 and CH4, can contribute to the formation of La2O2CO3.
Among the I, Ia, and II-type La2O2CO3 polymorphs, the La2O2CO3-
II is the most stable one and the other two can transform into II
type above 400 �C [29]. Thus, the transformation of Ia to II-type
La2O2CO3 polymorph was probably due to the high temperature
employed here. The formation of La2O2CO3 has been suggested po-
sitive to eliminate the coke around metal particles, thereby pre-
venting the deactivation of Ni catalyst from coking in SRE [18].
Our results show that La2O3 as a carbon reservoir is so effective
that La2O3 is completely converted to La2O2CO3 within a short
reaction time. As shown in Fig. 2, coke can be clearly observed in
TEM image of used Ir(4.8)/Al2O3-i, whereas not any carbon deposit
can be found in used Ir(9)/La2O3-i.

3.2. Formation of Ir-doped La2O2CO3 over Ir/La2O3-i catalyst

Besides the excellent coking resistance of Ir/La2O3-i, the TEM
observation also indicates that the nanoparticles on the used
Ir(9)/La2O3-i sample are uniformly dispersed. The average size of
these nanoparticles is 2.6 nm, as shown in Fig. 2a. Although
Ir(4.8)/Al2O3-i has lower metal loading, much larger particles, with
size of 5–50 nm, were formed (Fig. 2b). Taking into account the low
specific-surface-area of La2O3 compared with that of Al2O3 (Ta-
ble 1), the ability of Ir(9)/La2O3-i to form such uniformly dispersed
nanodomains is quite interesting and astonishing.

HRTEM analysis was performed to determine the composition
and structure of these nanodomains, as shown in Fig. 3a and c.
Most of the fringes from support can be attributed to the (1 0 1),
(1 0 2), and (1 0 3) planes of La2O2CO3-II. Interestingly, the HRTEM
observation of the nanoparticles supported on La2O2CO3-II shows
that there exist two types of nanoparticles with different crystal-
line characteristics. The fringes in the domains highlighted by solid
lines are accordant with the (1 0 0) plane of metallic iridium. How-
ever, the fringe intervals of the particles highlighted by dashed
lines showed that they are well accordant with (1 0 3), (1 1 0),
(1 0 7), and (1 1 4) planes of La2O2CO3-II. The corresponding Fou-
rier Transform (FFT) images also present clear diffraction patterns
of metallic Ir and La2O2CO3-II. The above-mentioned results indi-
cate that a portion of the nanoparticles possess crystalline charac-



Table 1
Specific-surface-areas of the oxide supports and the fresh Ir catalysts.

Catalyst Al2O3 Ir(4.8)/Al2O3-i La2O3 Ir(4.8)/La2O3-i Ir(9)/La2O3-i Ir(9)/La2O3-s

SBET (m2 g�1) 168.5 126.6 11.9 5.7 1.6 3.6

Fig. 3. HRTEM images (a and c) and corresponding Fast Fourier Transform results (b and d) of the used Ir(9)/La2O3-i. OSRE reaction conditions: EtOH:O2:H2O = 1:0.83:3,
GHSV = 5 � 104 h�1, 650 �C, time on stream of 3 h.
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teristics similar to those of La2O2CO3-II support. The micro-area
EDS analysis indicated that these domains contained La, C, O, and
Ir, implying the formation of a complex composed of Ir and lantha-
num species.

Due to the limitation of spatial resolution of EDS and the influ-
ence of support on the FFT images, XPS was employed to obtain the
catalyst surface information. Ir4f spectra of the fresh, reduced, and
used (for 30 min and 3 h OSRE reaction) Ir(9)/La2O3-i catalysts are
shown in Fig. 4a, b, d, and e. The Ir4f7/2 peak of fresh Ir(9)/La2O3-i
centers at 63.4 eV, which is much higher than that of IrO2 (about
61.8 eV [36,37]). Combined with the XRD pattern (Fig. 1), it can
be rationally deduced that the strong interaction between Ir and
La species resulted in the formation of Ir–La–O complex during
the preparation procedure. After activation by H2, the Ir–La–O
complex in fresh catalyst would be reduced to form metallic Ir0,
as evidenced by the shift of Ir4f7/2 to 60.7 eV [37,38]. However,
the Ir4f spectra of used Ir(9)/La2O3-i show that a part of the metallic
Ir would be converted into compounds with higher valence Ird+

after OSRE reaction at 650 �C for 30 min. The deconvolution of
the Ir4f spectrum in Fig. 4d shows that the area ratio of Ir0 to Ird+

is �0.3, as shown in Table 2, indicating that most of the Ir0 was
converted into Ird+ within 30 min. Combining with the HRTEM
observation, it is rational to assign the complex particles depicted
in Fig. 3 as the Ird+ species, demonstrating the coexistence of Ir and
Ir–La–C–O complex particles during OSRE reaction.

The above-mentioned results also imply that the chemical nat-
ure of surface Ir was influenced by the reaction atmosphere. As
shown in Fig. 4c, after shutting off the air supply, i.e. SRE reaction,
only Ir0 can be detected in used Ir(9)/La2O3 by XPS. This indicates
that the Ir–La–C–O complex tends to be formed in oxidative condi-
tions, whereas the reductive conditions favor the formation of Ir0.
It should also be noted that the Ir–La–C–O complex particles might
be unstable during the reaction, because the area ratio of Ir0 to Ird+

increased to �0.8 after 3 h, indicating that part of the complex
would decompose to release Ir0. However, the complex existed
even after the stable status was achieved (3 h in Fig. 4 and 100 h
reaction in Table 2), suggesting the dynamic equilibrium between
the formation and decomposition of the Ir-containing complex.

The above-mentioned results demonstrated that the active sites
in Ir/La2O3-i possessed quite complicated chemical nature. It has
been reported that La2O2CO3-II/La2O3 can be doped by Li [33], Pt
[19], Tb, Nd, and Y [39–41]. Attfield et al. proposed that the pres-
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Table 2
Surface element concentrations and Ir/La, Ir0/Ird+ atom ratios of the selected catalysts by X

Reaction time Ir (wt%) La (wt%)

Ir(9)La2O3-i OSRE, 30 min 15.4 40.2
OSRE, 3 h 16.1 40.3
SRE, 3 h 14.9 49.6

Ir(9)La2O3-s OSRE, 10 min 25.3 33.5
OSRE, 3 h 23.4 26.7
OSRE, 100 h 26.0 31.7
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ence of ionic Li can induce vacancies of (CO)2+ units, which may be
inserted by Li to form Li-doped La2O2CO3-II, while keeping its hex-
agonal crystal lattice [33]. Because the radius of Ir3+ ion (68 pm) is
close to that of Li+1 ion (76 pm) [42], it can be expected that Ir-
doped La2O2CO3-II can be formed with the analogous mechanism.
During the formation of La2O2CO3-II, Ir0 dispersed on the catalyst
inserted into the lattice, which resulted in the Ird+ species being de-
tected in XPS. When the incorporation of Ir did not destroy the
framework of La2O2CO3-II crystallites, structure and interplane dis-
tances similar to those of La2O2CO3-II would be observed, as shown
in Fig. 3. Delivering the active metallic sites via solid solution or
perovskite has been widely applied in the high temperature reac-
tions, such as CH4 reforming reaction [22,27,43] and nanomaterial
synthesis [44], where the size control of active sites is important.
Our findings present an in situ formation mechanism of Ir-doped
La2O2CO3 through SIMS between Ir and La species, which will
effectively improve the dispersion of metals. As will be demon-
strated in the text that follows , this results in higher performance
for OSRE reaction.
3.3. In situ dispersion of Ir during the OSRE reaction

We have shown that highly dispersed Ir-containing domains
were formed through Ir-doped La2O2CO3 during the OSRE reaction.
XRD was used to investigate the change of Ir particle size during
the reaction for understanding the process. In the current stage,
we cannot rule out that the Ir-doped La2O2CO3 may act as an active
site of OSRE directly. But it is rational to study the evolution of ac-
tive sites by representing them with Ir, due to the prevailing con-
tent of Ir0 in long-term stable catalyst.

As shown in Fig. 5a, the apparent crystallite sizes of Ir and
La2O2CO3-II were determined by Scherrer’s equation using the
(1 0 0) reflection for iridium and the (1 1 0) one for La2O2CO3-II.
The particle size at the beginning of the reaction was represented
by that of the reduced sample. Under flowing N2 at 650 �C for
3 h, namely without any reaction, the Ir size slightly increased
from 18 to 22 nm, which is indicative of conventional thermal sin-
tering. However, the size of Ir crystallite decreased significantly
from 18 to 4.5 nm during the first half hour of OSRE reaction,
and then increased gradually within the next 4.5 h. After 5 h OSRE,
the size of the Ir crystallite was 12.6 nm, which was smaller than
that of the reduced sample. This course was also revealed by H2

chemisorption. Compared with XRD, the chemisorption measure-
ment gave larger values. This may be caused by the reduction
treatment at 500 �C before the H2 chemisorption of used catalysts,
which would induce aggregation among Ir domains. However, a
similar tendency, i.e. the significant decrease of Ir particle size dur-
ing the first 30 min, is well consistent with the XRD results.

The La2O2CO3-II grain grew quickly during the first 1 h, ascer-
taining that the formation of Ir-doped La2O2CO3 was induced dur-
ing the transformation from La2O3 to La2O2CO3-II, and then slowly
in the next 4 h. In this process, the Ir size might be influenced by
(1) the formation of Ir-doped La2O2CO3 consuming Ir0 and resulting
PS analysis.

C (wt%) O (wt%) Ir/La Ir0/Ird+

22.7 21.7 0.3 0.3
22.8 20.8 0.3 0.8
6.3 29.2 0.2 –
22.9 18.3 0.5 0.7
30.9 19.0 0.6 0.5
23.2 19.2 0.6 1.3
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in the reduction of Ir particles, and (2) thermal sintering of Ir. In the
first hour, the high rate of the former resulted in the decrease of Ir
size. Since the formation and decomposition of La2O2CO3-II are
reversible [18], Ir0 would be released again through the decompo-
sition of La2O2CO3-II. Therefore, once the transformation of La2O3

to La2O2CO3-II was completed, the relatively high sintering rate
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led to the increase of Ir size. However, during the decomposition of
the Ir-doped La2O2CO3, the La2O3/La2O2CO3 may separate the Ir
particles by neighboring them, which can effectively inhibit the
sintering of Ir particles. Finally, a dynamic equilibrium between
the above-mentioned two factors will be accomplished. Thus, a
smaller Ir particle size was achieved after 5 h reaction. This effect
afforded a novel mechanism to disperse active sites in situ and
spontaneously, which played a vital role in the formation and sta-
bilization of Ir sites.

The in situ dispersion effect upon Ir/La2O3-i can be further dem-
onstrated by the dependence of Ir crystallite size on reaction tem-
perature, as shown in Fig. 5b. Differing from the conventional
sintering process of metals, the Ir crystallite size decreased with
reaction temperature in the range from 500 to 650 �C. From 650
to 700 �C, an increase of Ir size was observed. However, the size
at 700 �C is also smaller than that at 500 �C. This unique tempera-
ture dependence of Ir(9)/La2O3-i led to a quite narrow variation of
Ir size from 7 to 11 nm within a wide temperature range, indicating
an excellent sintering resistance. Compared with the minor sinter-
ing of Ir(9)/La2O3-i, that of Ir(4.8)/Al2O3-i above 600 �C resulted in a
serious increase of Ir crystallite size from 16 to 25 nm. This unique
behavior of Ir(9)/La2O3-i can be explained by the dependence of
pyrolysis rate of Ir-doped La2O2CO3-II on temperature. Since the
high temperature accelerated the kinetics of the reversible decom-
position-formation process, the in situ dispersion effect decreased
Ir size in the range of 500–650 �C. The increase at 700 �C was due
to the higher sintering rate at higher temperatures. Since the min-
imum of Ir crystallite size was achieved at 650 �C, it can be ex-
pected that good OSRE performances will be accomplished under
this condition.
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Fig. 7. The OSRE performances of Ir(4.8)/Al2O3-i catalyst at 450, 650, and 700 �C. OSRE
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3.4. OSRE performances of Ir/La2O3-i

Figs. 6 and 7 show the OSRE performances of Ir(4.8)/La2O3-i and
Ir(4.8)/Al2O3-i at 450–700 �C (see also Fig. S2 in Supplementary
material for the performances of Ir(9)/La2O3-i). OSRE on Ir(4.8)/
La2O3-i produced H2, CO2, CO, and CH4 as main gaseous products.
Quite a few C2H4O were detected at 450 �C, indicating that the
dehydrogenation reaction took place. The selectivity toward H2 in-
creased progressively with temperature, because the steam
reforming reaction of methane was enhanced, meanwhile the CO
selectivity increased due to the suppressed water-gas shift (WGS)
reaction at high temperatures. In the temperature range between
450 and 700 �C, the conversion and selectivities were stable over
Ir(4.8)La2O3-i within 3 h.

Compared with the hydrogen selectivity of Ir(4.8)/La2O3-i, that
of Ir(4.8)/Al2O3-i was lower; meanwhile obvious deactivation of
catalyst was observed at 450 �C, which may be attributed to the
deposition of coke on the surface of the catalyst (see Fig. 2b). The
stable activities and selectivities were achieved at 650 �C within
3 h. However, continuous elevation of temperature to 700 �C re-
sulted in a serious decrease of H2 selectivity with time on stream.
Combining with the significant increase of CO selectivity, it can be
proposed that the sites responsible for WGS undergo transforma-
tion, due to the coking over acidic Al2O3 support or sintering of
Ir, as demonstrated in the former sections.

As predicted by the in situ dispersion mechanism over Ir/La2O3-
i, the above-made comparison demonstrates the superior activity,
selectivity, and stability of Ir catalyst on La2O2CO3-II to that on con-
ventional Al2O3 support. The advantages of Ir/La2O3-i resulted
from: (1) the highly dispersed catalytic domains affording better
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reaction conditions: EtOH:O2:H2O = 1:0.83:3, GHSV = 5 � 104 h�1. Conversion (j);
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activity, (2) the formation of La2O2CO3-II eliminating the coke, and
(3) the in situ dispersion effect preventing Ir sintering. It can be ex-
pected that the above-mentioned understanding will provide use-
ful principles for the design and optimization of OSRE catalysts,
which is verified by the later studies.
3.5. Enhanced OSRE performances of Ir/La2O3-s catalyst

For precious metal catalysts, obtaining high metal dispersion is
important for high performances. However, this is usually limited
by sintering at elevated temperatures, especially on supports with
low specific-surface-area. The above-mentioned results from Ir/
La2O3-i suggest a new way to improve the dispersion at high tem-
peratures through the in situ dispersion effect, which can maintain
the initial metal dispersion via the Ir-doped La2O2CO3 during OSRE.
Thus, one can expect that Ir/La2O3 catalyst with higher initial metal
dispersion will be more active and also stable. Ultrasound has been
successfully applied in nanomaterial synthesis [45]. Since the
acoustic cavitation generates localized hotspots with transient
temperatures of �5000 K and pressures of �1800 atm [46,47],
the ultrasound can prevent aggregation of the nanometer-sized
clusters and isolate the nanoparticles [48]. In this work, ultrasound
Fig. 8. (a) Low and (b) high magnification TEM images of the used Ir(9)/La2O3-s
catalyst. The inset in (a) shows the histogram of diameter of surface particles. OSRE
reaction conditions: EtOH:O2:H2O = 1:0.83:3, GHSV = 5 � 104 h�1, 650 �C, 30 min
on stream.
has been employed to assist the dispersion of Ir during the
impregnation.

The low and high magnification TEM images of the used Ir(9)/
La2O3-s catalyst are shown in Fig. 8. Compared to the Ir(9)/La2O3-
i catalyst without ultrasonication, the denser and well-dispersed
particles with a mean size of about 3.8 nm were observed, which
resulted in an increase of surface density from �3 � 104 to
�4 � 104 lm�2 (defined as the particle number per square mi-
cron). The HRTEM analysis and XPS spectra also demonstrated that
these particles were a mixture of Ir and Ir-doped La2O2CO3 (not
shown). The increase of surface Ir concentration was well sup-
ported by the quantitative XPS analysis, as shown in Table 2. The
surface Ir concentration significantly increased from around 15%
to 25% as the ultrasonic-assisted impregnation method was ap-
plied. These results demonstrated the success of increasing the Ir
dispersion over catalyst surface via the ultrasonic-assisted impreg-
nation method. The higher dispersion of Ir due to ultrasonication
could be explained by homogeneous nucleation. Ir could be oxidat-
ed and deposited onto lanthanum oxide support surface quickly
before it is agglomerated in the solution. Lanthanum oxide species
could react with Ir oxide to form Ir–La–O or Ir–La–C–O species dur-
ing the preparation procedure, which prevent Ir from sintering
during calcination. Thus, ultrasonication could result in a better
dispersion of Ir.

A similar in situ dispersion phenomenon was revealed on the
Ir(9)/La2O3-s catalyst by XPS and XRD. As shown in Table 2, the
Ir0/Ird+ ratio varied from 0.5 at 3 h to 1.3 at 100 h of time on stream,
indicating the evolution of Ir-doped La2O2CO3 through its revers-
ible formation and decomposition. However, the long exposure
(100 h on stream) in OSRE reaction did not decrease the surface
concentration of Ir, indicating that the dispersion of active site
was not deteriorated through sintering. As shown in Fig. 9, the Ir
crystallite size calculated by XRD in Ir(9)/La2O3-s was 4.5 nm at a
OSRE time of 10 min, which is much smaller than that in Ir(9)/
La2O3-i, demonstrating the effect of ultrasonication on the forma-
tion of highly dispersed catalyst. The size increased to 6.6 nm with-
in the first 3 h on stream. We speculated that it was probably
due to the aggregation caused by the high surface density of
active sites. However, after the completion of the transformation of
La2O3 to La2O2CO3-II (evidenced by the small change of La2O2CO3-II
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crystallite size), the Ir crystallite size gradually decreased to 3.2 nm
at 100 h on stream due to the in situ dispersion effect. A similar
tendency was also revealed by the H2 chemisorption method, ex-
cept for the larger values caused by the H2 reduction treatment,
as discussed in Section 3.3. This is in accordance with the predic-
tion by the insight into the interaction between Ir and La species,
and affords a method to control the sintering of metal particles
and to give a stable catalyst for the high temperature reaction.

Fig. 10 compares the OSRE performances of Ir(9)/La2O3-i and
Ir(9)/La2O3-s catalysts under a high GHSV of 1.9 � 105 h�1. On
Ir(9)/La2O3-s sample, a complete conversion of ethanol with a
selectivity of �69% to hydrogen was obtained. No acetaldehyde
was produced over Ir(9)/La2O3-s. As predicted by the above-men-
tioned account, the lower conversion and H2 selectivity were ob-
served on Ir(9)/La2O3-i. Deactivation was also observed for Ir(9)/
La2O3-i under such a harsh GHSV condition. It was noted that
0.5 vol% ethylene was detected after 1.5 h on Ir(9)/La2O3-i, mean-
while the selectivities to acetaldehyde and methane increased with
time. This suggested that the deactivation may be caused by the
insufficient reformation of intermediates, which resulted in more
coke deposition that can not be gasified by La2O2CO3. Even under
this high GHSV, the gradual decrease of Ir sizes with time was also
observed (see Fig. S3 in Supplementary material). The OSRE reac-
tion stability of the Ir(9)/La2O3-s catalyst is shown in Fig. 11. The
Ir(9)/La2O3-s catalyst was stable with time on stream of 100 h
without any drop of conversion and H2 selectivity. The average
H2 selectivity during 100 h was 81.8%, which is higher than that
over Ir(9)/La2O3-i as more CH4 was reformed by steam. Corre-
spondingly, the H2 yield per molecular ethanol was about
3.5 mol/molEtOH, which is close to the thermodynamics limitation
[49,50] under this feedstock composition. These results validated
the insight into the in situ dispersion effect of Ir over La2O2CO3-II
and provided a valuable approach to design an efficient OSRE
catalyst.
4. Conclusions

Physicochemical characterizations showed that La2O3 was
transformed into La2O2CO3-II during the OSRE reaction. Ir reacted
with La2O2CO3-II strongly, leading to the formation of Ir-doped
La2O2CO3-II, which was well dispersed on the La2O2CO3-II support
surface. The dynamic formation and decomposition of Ir-doped
La2O2CO3-II in situ delivered and dispersed Ir metal particles at ele-
vated temperatures. This process prevented the Ir/La2O3 catalyst
from sintering and from aggregation of Ir nanoparticles, and there-
fore offered a superior activity and stability to the Al2O3-supported
Ir catalyst.

Based on the insight into the in situ dispersion mechanism of Ir
over La2O2CO3-II, a supersonic-assisted impregnation method was
used to improve the surface iridium concentration and reduce the
initial Ir domain size. Since the in situ dispersion effect effectively
inhibited the sintering, the Ir crystallite size was maintained at
3.2 nm after 100 h OSRE at 650 �C. This significantly enhanced
the activity and stability of Ir/La2O3 catalysts for the OSRE reaction.
The finding provides a novel and effective method to fabricate
high performance metal catalysts for OSRE reaction at high
temperatures.
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