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Abstract: Various supported Ir/TiO2 catalysts were prepared using different Ir precursors
(i.e., H2IrCl6, (NH4)2IrCl6 and Ir(acac)3) and tested for vapor phase selective hydrogenation of
crotonaldehyde. The choice of Ir precursor significantly altered the Ir-TiOx interaction in the catalyst,
which thus had essential influences on the geometric and electronic properties of the Ir species,
reducibility, and surface acidity, and, consequently, their reaction behaviors. The Ir/TiO2-N catalyst
using (NH4)2IrCl6 as the precursor gave the highest initial reaction rates and turnover frequencies of
crotyl alcohol formation. Such high performance was ascribed to the high Ir dispersion and high
surface concentration of Ir0 species, as well as a higher surface acidity, in the Ir/TiO2-N catalyst
compared to its counterparts, indicating the synergistic roles of the Ir-TiOx interface in the reaction,
as the interfacial sites were responsible for the adsorption/activation of H2 and the C=O bond in the
crotonaldehyde molecule.

Keywords: crotonaldehyde; hydrogenation; Ir/TiO2; iridium precursor; reaction mechanism

1. Introduction

The selective hydrogenation of α, β-unsaturated aldehyde to unsaturated alcohol is
an important reaction in the industry of pharmaceuticals, and fragrances [1,2] as the α, β-
unsaturated alcohols are useful chemicals and intermediates. Compared to the traditional
synthesis employing strong reductants (e.g., LiAlH4 and NaBH4), using H2 as reductants
in the selective hydrogenation is eco-friendly and atom-economic. Crotonaldehyde (CRAL)
is one of the representative α, β-unsaturated aldehyde. The possible reaction routes during
the hydrogenation of CRAL are illustrated in Scheme 1. Nevertheless, the hydrogenation
of the C=O bond to form the target product, i.e., crotyl alcohol (CROL), is much more
difficult than the hydrogenation of the C=C bond to form butanal (BUAL) due to both
thermodynamic and kinetic facts [3]. Hence, it is significant yet challenging to develop
highly effective catalysts in the selective hydrogenation of CRAL.
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Scheme 1. The hydrogenation reaction routes of crotonaldehyde (CRAL). 

Noble metals (e.g., Pt[4–9], Au[10], Ru[11] and Ir[12–14]) supported on reducible ox-
ides (e.g.,TiO2[4–6,12–14], Ga2O3 [7], CeO2 [8,10] and ZnO [9,11]) are efficient catalysts in 
the hydrogenation of CRAL. The behaviors of these catalysts can be modulated by metal–
support interactions (MSI), which are used to accelerate the hydrogenation of the C=O 
bond by creating the metal–support interfacial sites [4,12,14]. The nature of such a metal–
support interface could be tuned in various ways, and one of the approaches is the choice 
of the metal precursors. It is well known that the nature of the metal precursor signifi-
cantly affects the properties of the catalyst and its catalytic performance in the hydrogena-
tion of CRAL, although their roles are sometimes debatable. For example, according to 
Gebauer-Henke et al. [7], Pt/Ga2O3 catalysts prepared from chlorine-free Pt(acac)2 precur-
sor showed much higher activity and selectivity to CROL than those prepared from 
H2PtCl6, probably due to the formation of smaller Pt particle size in the former. The same 
group [8] also reported that the Pt/CeO2 catalyst prepared using Pt(NH3)4(NO3)2 as the 
precursor gave much higher selectivity but lower activity than those prepared using 
H2PtCl6 and Pt(NH3)4(Cl)2·H2O as the precursors, probably due to the formation of CePt5 
species in the former catalyst, which was favorable for the hydrogenation of C=O. More-
over, the choice of proper precursors is related to the nature of the support. For example, 
Wang et al. [9] reported that the Pt/ZnO catalyst prepared from H2PtCl6 showed much 
higher activity and selectivity than those prepared from chlorine-free Pt(NH3)4(NO3)2 and 
residual chlorine played an important role in promoting the catalysts towards high selec-
tivity to CROL. 

The above-mentioned works reflect the fact that the choice of the metal precursor is 
crucial for the hydrogenation of CRAL, and thus, this investigation is worthwhile. It 
should be noted that even though the properties of catalysts can be modified by different 
metal precursors, the role of metal precursor on the catalytic behaviors could be signifi-
cantly interfered with by the complexity of the surface of reducible oxides (with multiple 
crystal planes exposed) [15,16]. Fortunately, recent advances in the synthesis of oxide 
nanocrystals with uniform and well-defined morphologies have brought up new oppor-
tunities for more unambiguous investigation. For example, anatase TiO2 nanocrystals 
with 98% {101}-crystal-plane exposed could be synthesized successfully [14], and this ox-
ide has shown promising potential in the selective hydrogenation of CRAL. In our recent 
work [14], we prepared various Ir catalysts supported on anatase TiO2 exposing different 
crystal planes (e.g., {101}, {100} and {001} planes) and compared their reaction behaviors 
in the hydrogenation of CRAL. It was found that the higher concentration of oxygen de-
ficiency in the Ir/TiO2-{101} could effectively improve the catalytic performance compared 
to the Ir/TiO2-{001}. Moreover, the choice of Ir as the active noble metal for the selective 
hydrogenation of CRAL is because Ir catalysts are more selective compared to Pt and Au 
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Noble metals (e.g., Pt [4–9], Au [10], Ru [11] and Ir [12–14]) supported on reducible
oxides (e.g.,TiO2 [4–6,12–14], Ga2O3 [7], CeO2 [8,10] and ZnO [9,11]) are efficient catalysts
in the hydrogenation of CRAL. The behaviors of these catalysts can be modulated by
metal–support interactions (MSI), which are used to accelerate the hydrogenation of the
C=O bond by creating the metal–support interfacial sites [4,12,14]. The nature of such a
metal–support interface could be tuned in various ways, and one of the approaches is the
choice of the metal precursors. It is well known that the nature of the metal precursor
significantly affects the properties of the catalyst and its catalytic performance in the hydro-
genation of CRAL, although their roles are sometimes debatable. For example, according
to Gebauer-Henke et al. [7], Pt/Ga2O3 catalysts prepared from chlorine-free Pt(acac)2 pre-
cursor showed much higher activity and selectivity to CROL than those prepared from
H2PtCl6, probably due to the formation of smaller Pt particle size in the former. The
same group [8] also reported that the Pt/CeO2 catalyst prepared using Pt(NH3)4(NO3)2 as
the precursor gave much higher selectivity but lower activity than those prepared using
H2PtCl6 and Pt(NH3)4(Cl)2·H2O as the precursors, probably due to the formation of CePt5
species in the former catalyst, which was favorable for the hydrogenation of C=O. More-
over, the choice of proper precursors is related to the nature of the support. For example,
Wang et al. [9] reported that the Pt/ZnO catalyst prepared from H2PtCl6 showed much
higher activity and selectivity than those prepared from chlorine-free Pt(NH3)4(NO3)2
and residual chlorine played an important role in promoting the catalysts towards high
selectivity to CROL.

The above-mentioned works reflect the fact that the choice of the metal precursor is
crucial for the hydrogenation of CRAL, and thus, this investigation is worthwhile. It should
be noted that even though the properties of catalysts can be modified by different metal
precursors, the role of metal precursor on the catalytic behaviors could be significantly
interfered with by the complexity of the surface of reducible oxides (with multiple crystal
planes exposed) [15,16]. Fortunately, recent advances in the synthesis of oxide nanocrystals
with uniform and well-defined morphologies have brought up new opportunities for more
unambiguous investigation. For example, anatase TiO2 nanocrystals with 98% {101}-crystal-
plane exposed could be synthesized successfully [14], and this oxide has shown promising
potential in the selective hydrogenation of CRAL. In our recent work [14], we prepared
various Ir catalysts supported on anatase TiO2 exposing different crystal planes (e.g., {101},
{100} and {001} planes) and compared their reaction behaviors in the hydrogenation of
CRAL. It was found that the higher concentration of oxygen deficiency in the Ir/TiO2-
{101} could effectively improve the catalytic performance compared to the Ir/TiO2-{001}.
Moreover, the choice of Ir as the active noble metal for the selective hydrogenation of
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CRAL is because Ir catalysts are more selective compared to Pt and Au catalysts in the
CRAL hydrogenation [12,17–20] and other α, β–unsaturated aldehyde [21]. Moreover, the
performance of the Ir-based catalysts could be improved by the addition of promoters. For
example, Tamura et al. [22] reported that the addition of various promoters such as ReOx,
MoOx, FeOx and NbOx significantly enhanced the activity of the Ir/SiO2 catalyst. On a
NbOx-promoted Ir/SiO2 catalyst (with an Ir/Nb molar ratio of 2/1), the CRAL conversion
(41.6%) was six-fold higher than that of the bare Ir/SiO2 (7.3%), and the turnover frequency
(TOF) on the NbOx-promoted Ir catalyst was as high as 0.21 s−1 at 80 ◦C. Similar findings
were also reported in our previous works [18,23,24].

Although Ir/TiO2 catalysts are appealing in the hydrogenation of CRAL [14] as well
as different carbonyl compounds [12,13,25,26], unfortunately, there are few reports on the
effects of Ir precursors on the reaction behaviors of the Ir catalysts in selective hydrogena-
tion. Therefore, in the current work, we prepared three different Ir/TiO2 catalysts using
different Ir precursors, i.e., chlorine-containing Ir(NH4)2Cl6 and H2IrCl6 and chlorine-free
Ir(acac)3. Additionally, anatase TiO2 nanocrystals dominantly exposing the {101} plane
were used as the support. These catalysts were tested for CRAL hydrogenation to illustrate
the roles of Ir precursors. It was found that the interaction between the Ir precursor and
TiO2 support during the preparation process exerted great influence on the properties of
the catalysts, which consequently changed the catalytic behaviors.

2. Experimental
2.1. Synthesis of Anatase TiO2 Nanocrystals and Preparation of Ir/TiO2 Catalysts

Anatase TiO2 nanocrystals (NCs) dominantly exposing {101} plane were synthesized
following the procedures reported by Liu et al. [27] and Chen et al. [28] Firstly, TiCl4
solution (6.6 mL) was added dropwise to an aqueous solution of HCl (0.43 mol l−1, 20 mL)
at 0 ◦C. After being stirred for 0.5 h, the solution was added dropwise into an aqueous
solution of NH3·H2O (5.5 wt.%, 50 mL) under continuous stirring at room temperature.
Then the pH value of the solution was adjusted to 6–7 by an appropriate amount of aqueous
NH3·H2O (4 wt.%), after which the system was stirred for another 2h at room temperature.
The resulting precipitate was filtered, washed repeatedly with deionized water until no
residual Cl− could be detected and dried at 70 ◦C for 12 h to acquire Ti(OH)4 precursor.
Then Ti(OH)4 (2.0 g) and NH4Cl (0.2 g) were dispersed together in a mixture of H2O
(15 mL) and i-PrOH (15 mL) under stirring at room temperature, and the mixture was
transferred into a 50 mL Teflon-lined stainless steel autoclave and kept at 180 ◦C for 24 h.
The resulting white precipitate was collected, washed repeatedly by deionized water and
finally dried at 70 ◦C overnight to obtain the TiO2 oxide without further calcination.

The supported Ir/TiO2 catalysts were prepared by an incipient wetness impregnation
method using three different Ir precursors, i.e., iridium(III) acetylacetonate (Ir(acac)3),
chloroiridic acid (H2IrCl6), ammonium hexachloroiridate ((NH4)2IrCl6). Typically, 1.0 g
TiO2-{101} NCs were added into a certain amount of Ir precursors solution (H2IrCl6 and
(NH4)2IrCl6 were dissolved in deionized water, and Ir(acac)3 was dissolved in benzene)
under continuously stirring for 3 h, followed by aging statically for 3 h at ambient tempera-
ture. After the solvent in the mixture was evaporated using a water bath (90 ◦C), followed
by drying overnight at 110 ◦C. The solid was further calcined in static air at 400 ◦C for 4 h
(at a ramp of 5 ◦C min−1) to obtain the catalysts. Since the decomposition temperature of
Ir(acac)3 is around 300 ◦C based on the TG/DSC results, as shown in Figure S1, and also to
avoid the sublimation of Ir(acac)3 during the calcination process, the catalyst employing
Ir(acac)3 as precursor should first be calcined at 300 ◦C for 4 h with a low heating rate
(0.5 ◦C min−1) and then 400 ◦C for another 4h. The nominal Ir contents in the catalysts
were about 5 wt.%, and the resulting catalysts were denoted as Ir/TiO2-A, Ir/TiO2-Cl and
Ir/TiO2-N, for Ir(acac)3), H2IrCl6 and (NH4)2IrCl6 as the precursors, respectively.
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2.2. Catalyst Characterizations

The actual Ir contents in the catalysts were measured by an inductively coupled
plasma atomic emission spectrometer (ICP-AES, Optima 7300DV). The specific surface
areas of the catalysts were measured by N2 adsorption at 77 K on a Quantachrome Nova
4000e surface area analyzer. X-ray powder diffraction (XRD) was performed on a Bruker
D8 ADVANCE powder X-ray with Cu Kα radiation (40 kV, 40 mA), with a scan rate of
0.02◦ s−1 and a 2θ range of 10–90◦. Before the measurements, the samples were subjected to
pre-reduction in a H2 flow (99.999%, 18 mL min−1) at 300 ◦C for 1 h. The High-resolution
transmission electron microscopy (HRTEM) was conducted on aJEM-2100F microscopy
using an operation voltage of 200 kV. Prior to the HRTEM measurements, the samples were
subjected to pre-reduction in the H2 atmosphere (99.999%,18 mL min−1) at 300 ◦C for 1 h.
The distribution of Ir particle size was determined based on counting no less than 200 Ir
particles in each catalyst. The formula of dVA = ∑inidi

3/∑inidi
2 (di, the experimentally

determined particle size; ni, the number of Ir particles with di) was used to calculate the
volume-area mean diameter of Ir particles.

Hydrogen temperature-programmed reduction (H2-TPR) experiment was carried out
on an automatic chemisorption analyzer of MicrotracBEL Belcat II. The catalyst (50mg)
was loaded in a quartz tubular reactor and heated up to 300 ◦C and kept at 300 ◦C in a
flow of pure O2 (30 mL min−1) for 0.5 h, followed by purging with pure Ar flow (99.99%,
30 mL min−1) for another 0.5 h to clean the catalyst surface. After the sample was cooled
down to room temperature, it was heated to 700 ◦C at a heating rate of 10 ◦C min−1 in a 5%
H2-95% Ar mixture (30 mL min−1). The H2 consumption of each sample was calculated
based on the H2 consumption of 5.0 mg CuO powder.

Ammonia temperature-programmed desorption (NH3-TPD) was performed on a
Micromeritics AutoChem II chemisorption analyzer to determine the surface acidity of the
catalyst. Before the measurement, the catalyst (200 mg) was pre-reduced in high purity
of H2 flow (99.999%, 18 mL min−1) at 300 ◦C for 1 h. Then it was cooled down to 60 ◦C
in a high purity N2 flow (99.99%, 30 mL min−1), followed by introducing a flow of NH3
(30 mL min−1) into the reactor for 0.5 h. Then the sample was heated from 60 to 100 ◦C and
kept at 100 ◦C in the high purity N2 flow (30 mL min−1) for 0.5h to remove the residual
gaseous or physical adsorbed NH3 on the catalyst surface. Then the sample was heated
to 700 ◦C in a pure N2 flow (30 mL min−1) at a ramp of 10 ◦C min−1. The surface acidic
amounts of each sample were also calculated with a given NH3 volume based on their
peak areas of NH3-desorption.

In situ X-ray photoelectron spectra (in situ-XPS) of the catalysts were recorded on an
ESCALAB 250Xi spectrometer using a monochromatic Al anode Kα radiation as X-ray
source (1486.6 eV). C1s core level at 284.8 eV was used as the reference to calibrate the
obtained binding energies. Before the measurements, the sample was firstly reduced in a
pretreatment chamber with a flow of pure H2 (99.999%, 18 mL min−1) at 300 ◦C for 1 h and
then cooled down to room temperature. Then the pre-reduced sample was transferred to
the analysis chamber for measurement without being exposed to air.

Electron Paramagnetic Resonance (EPR) spectra of the catalysts were recorded on a
JEOL JESFA 200 EPR spectrometer at 130 K using 1 mW of microwave power and 249.5
to 399.5 mT of sweep width. The modulation amplitude and frequency were 0.35 mT
and 100 kHz, respectively. The samples were pre-reduced at 300 ◦C for 1 h using a flow
of H2 (99.999%, 18 mL min−1) in a home-made fixed-bed reactor with a quartz tubular
microreactor, and the whole microreactor was placed in the Ar-filled glovebox (Mikrouna
Co. Ltd., China, O2 concentrations below 0.1 ppm). After treatment and cooling to room
temperature, the inlet and outlet of the processing gas were closed to prevent exposure to
air. Afterwards, a 30 mg powder sample was taken out from the quartz tubular and sealed
into an electron spin resonance (ESR) sample tube in the Ar-filled glovebox.

In situ CO chemisorption diffuse reflectance infrared Fourier transform spectra (in
situ CO-DRIFTS) measurements of the samples were performed on a Nicolet iS50 FTIR
spectrometer equipped with a PIKE DRIFT accessory. Before the measurement, the sample



Catalysts 2021, 11, 1216 5 of 15

was pre-reduced in a H2 flow (99.999%, 18 mL min−1) at 300 ◦C for 1 h, followed by heating
in a N2 flow (99.99%, 30 mL min−1) for another 1 h. After that, the sample was cooled
down to 30 ◦C and then exposed to the flow of 1%CO–99% N2 mixture (20 mL min−1) for
10 min. Then the sample was purged by a N2 flow (99.99%, 30 mL min−1) for 1 h to remove
gaseous or physical adsorbed CO and then the spectra were recorded at 30 ◦C.

In situ Fourier transform infrared spectroscopy (in situ FTIR) of CRAL hydrogenation
was also carried out on the same Nicolet iS50 FTIR spectrometer. Prior to the experiment,
approximately 20 mg of the sample was pressed into a self-supported wafer (i.d. = 13 mm)
and then loaded in a quartz IR cell. Thereafter, the sample was pre-reduced in a H2 flow
(99.999%, 18 mL min−1) at 300 ◦C for 1 h, followed by heating in a N2 flow (99.99%, 30 mL
min−1) for another 1 h. After the sample was cooled down to 30 ◦C in the flow of N2, the
CRAL vapor in the saturate CRAL vapor generator was introduced to the sample with a
flow of H2 (99.999%, 26 mL min−1) for 10 min, followed by purging with the N2 flow for 1
h to remove the residual CRAL in the IR cell. Then the H2 flow (99.999%, 26 mL min−1)
was introduced, and the spectra were collected as a function of time kept at 30 ◦C.

2.3. Catalytic Reaction

The selective hydrogenation of gas-phase CRAL at atmospheric pressure was carried
out using a fixed-bed quartz tube reactor (i.d. = 8 mm). Five milligrams of the catalyst
diluted with one hundred ninety-five silica was loaded into the reactor with a thermal
couple placed in the middle of the catalyst bed. Prior to each test, the sample was pre-
reduced in the flow of H2 (99.999%, 18 mL min−1) at 300 ◦C for 1 h. After the reactor
was cooled to the reaction temperature (80 ◦C), CRAL vapor was continuously introduced
into the reactor by a flow of H2 (99.999%, 26 mL min−1). Since the saturate CRAL vapor
generator was maintained at 0 ◦C, in the feed stream, the concentration of CRAL was
1 mol%, and the total pressure was 0.1MPa with a space velocity of 7800 mL gcat

−1h−1. The
gas line was heated above 50 ◦C to avoid any CRAL condensation. The CRAL and reaction
products were measured online by a Shimadzu GC-2014 gas chromatography equipped
with an FID detector.

3. Results and Discussion
3.1. Characterizations of the Catalyst

Table 1 lists the physical properties of the catalysts. The catalysts have similar surface
areas of ca. 90 m2 g−1. The actual Ir contents of these catalysts are close to 5 wt%.

Table 1. The summary of physical properties of TiO2-{101} NCs and various pre-reduced Ir/TiO2 catalysts.

Catalysts SBET
/m2 g−1

Ir Content a

/wt.%a
dVA
/ nm

DIr
b/

%
Surface Cl/Ti Molar Ratio c

Calcined Pre-Reduced

Ir/TiO2-A 92 4.93 1.7 64.7 n.d. n.d.
Ir/TiO2-Cl 89 4.90 1.5 73.3 0.056 0.005
Ir/TiO2-N 90 4.86 1.3 84.6 0.061 0.006

TiO2 98 - - - - -
a: The actual Ir contents in catalysts were determined by ICP-AES; b: Calculated based on the formula of DIr (Ir dispersion) = 1.1/dVA;
c: Calculated based on Cl2p and Ti2p peaks derived from XPS results. The calcined catalysts determined by XPS without any pre-treatment
were denoted as Calcined and after pre-reduction were denoted as Pre-reduced.

Both the fresh TiO2 oxide and pre-reduced Ir/TiO2 catalysts show similar XRD pat-
terns, which were ascribed to anatase TiO2 (JCPDS No. 21-1272) [29], as shown in Figure 1.
Moreover, the diffractions of Ir or IrOx species cannot be detected in these catalysts, sug-
gesting high Ir dispersions in the catalysts.

Figure 2 shows the HRTEM images of fresh TiO2 NCs and pre-reduced Ir/TiO2 cata-
lysts with their Ir particle size distributions. The as-synthesized TiO2 NCs (Figure 2a1–a2)
have sizes between 15–30 nm, and the lattice fringes resolved in the HRTEM images all
arise from those of anatase TiO2, which is consistent with the XRD results. The percentage
of {101} facet in the TiO2 was estimated to be around 98% based on the previously proposed
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procedure [14] (Supporting Information, Figure S1), suggesting that the TiO2-{101} NCs
could be employed as ideal support with homogeneous surface features. As shown in
Figure 2b–d, the loading of Ir and further thermal treatment barely have an effect on the
morphologies of the TiO2 NCs. It is certain that the Ir particles are highly dispersed on the
surface of Ir/TiO2 catalysts with mean diameters (dVA) of ca. 1.3–1.7 nm. However, the
particle size of the Ir NPs in the catalysts varies slightly. As shown in Figure 2b2–d2 and
Table 1, the Ir/TiO2-N catalyst exhibits the highest Ir dispersion of 84.6% and the smallest
mean particle size of 1.3 nm compared to those of Ir/TiO2-A and Ir/TiO2-Cl. Thus, it is
clear that the Ir precursors impose an effect on the geometrical structure of the Ir species,
and the smallest Ir particle size in the Ir/TiO2-N could safely lead to a conclusion that the
MSI in the Ir/TiO2-N might be stronger than those in the other two catalysts. 
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Figure 2. HRTEM images and Ir particle size distributions of (a1,a2) fresh TiO2–{101}, pre-reduced (b1,b2) Ir/TiO2–A, (c1,c2)
Ir/TiO2–Cl and (d1,d2) Ir/TiO2–N catalysts.
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The H2-TPR profiles for the fresh TiO2 NCs and the Ir/TiO2 catalysts are shown in
Figure 3a. The bare TiO2 NCs could hardly be reduced, so we expect that a weak reduction
at ca. 650 ◦C is observed due to the reduction in surface TiO2. However, three reduction
peaks at 143 ◦C (α), 256 ◦C (β) and 328 ◦C (γ) are observed for the Ir/TiO2-A catalyst,
while the α peak could not be observed in the Ir/TiO2-Cl and Ir/TiO2-N catalysts. For the
Ir/TiO2-A catalyst, the α peak could be assigned to the reduction of IrOx into a less strong
IrOx-TiOx interaction, as it contains large IrOx species (Figure 2b1–b2). The β and γ peaks
could be ascribed to the reduction of IrOx and/or IrClx species in a stronger IrOx(IrClx)-
TiO2 interaction [13,14] due to these Ir species are more difficult to be reduced. For the
Ir/TiO2-Cl and Ir/TiO2-N catalysts, the absence of the α peak indicates that the Ir species
in these catalysts are in stronger IrOx(IrClx)-TiO2 interaction compared to those in the
Ir/TiO2-A catalyst. Moreover, the β and γ peaks on the Ir/TiO2-N catalyst generally shift
to lower temperatures compared to those on the Ir/TiO2-Cl and Ir/TiO2-A catalyst, and
such easier reduction is probably due to its higher Ir dispersion (Figure 2d1–d2). The H2
consumptions (1.12–1.28 mmol g−1) of the catalysts are evidently higher than the nominal
value (0.50 mmol g−1, assuming that all the Ir species are IrO2 in the fresh catalyst),
thus demonstrating the reduction of TiO2 is supported by the typical spillover effect.
Furthermore, the reducibility of these different Ir/TiO2 catalysts could rank as follows:
Ir/TiO2-N (1.28 mmol g−1) > Ir/TiO2-Cl (1.26 mmol g−1) > Ir/TiO2-A (1.12 mmol g−1),
implying the prominent effect of metal precursors on the reducibility of catalysts. This
behavior could be correlated with a higher Ir dispersion, as shown in Figure 2, and thus
a stronger Ir-TiOx interaction in these catalysts, which promotes their redox properties,
particularly the co-reduction of TiO2 oxide.
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Ir/TiO2 catalysts.

The pre-reduced TiO2 support exhibits NH3 desorption peaks between 100–600 ◦C in
the NH3-TPD profile as shown in Figure 3b, demonstrating that there are different strength
acid sites on the catalysts surface, i.e., weak acid sites in 100–200 ◦C, medium acid sites
in 200–400 ◦C and strong acid sites in 400–600 ◦C. The loading of Ir on the support barely
changes the feature of the NH3 desorption pattern, but the quantity of the surface acid
sites decreases obviously in comparison to that of the TiO2 support, probably due to the
surface coverage by Ir species. Based on the quantitative results shown in Figure 3b, the
Ir/TiO2-A gives the lowest surface acidity (0.26 mmol g−1), which is almost half of that
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of Ir/TiO2-Cl (0.47 mmol g−1), while the Ir/TiO2-N gives slightly lower surface acidity
(0.44 mmol g−1). It should also be noted that there are many factors that could affect the
acidity of the catalyst, such as surface oxygen vacancy, residual chlorine species, and the
oxidized Ir species (Irδ+). Among these factors, the surface oxygen vacancy could be a
key factor, as demonstrated in our previous work [14]. The Ir/TiO2-N catalyst with higher
Ir dispersion but higher acidity compared to that of the Ir/TiO2-A could be due to its
much higher redox ability, as shown in the H2-TPR results (Figure 3a), in which easier
co-reduction of TiO2 oxide produces a higher concentration of surface oxygen vacancy.

The surface Ir0 and Irδ+ species contents were determined based on Ir 4f core level
XPS spectra of pre-reduced Ir/TiO2 catalysts, as shown in Figure 4. It should be noted
that the Ir 4f spectra are overlapped by obvious Ti 3s peaks. In spite of this, the Ir 4f 7/2
spectrum can be deconvoluted to two peaks ascribed to Ir0 and Irδ+ species, respectively,
at BEs of 60.6–60.9 eV and 61.9–62.1 eV [12]. The surface Ir0/Irδ+ ratio in the Ir/TiO2-N
(26.0) is significantly higher than those in the Ir/TiO2-Cl (7.1) and Ir/TiO2-A (4.4). This
observation is consistent with the H2-TPR results (Figure 3a), as the Ir/TiO2-N possesses
the highest H2 consumption (although the H2 consumption includes the co-reduction of
TiO2 adjacent to the Ir species), which further suggests the influence of precursors on the
electronic properties of the Ir species. Additionally, the surface analyses reveal that the
fresh Ir/TiO2-Cl and Ir/TiO2-N catalysts contain a certain content of residual chlorine
species with surface Cl/Ti ratios of 0.056–0.061, as shown in Table 1, which was ascribed
to the incomplete decomposition of the H2IrCl6 precursor during the static calcination.
However, the much smaller surface Cl/Ti ratios (ca. 0.005, Table 1) in the pre-reduced
catalysts means the pre-reduction by H2 could remove the majority of the residual chlorine
species. Therefore, it could be considered that the effect of residual chlorine on the catalytic
behavior was negligible.
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The in situ CO-DRIFTS technique was employed to further probe the electronic
properties of the Ir species in the pre-reduced Ir/TiO2 catalysts. As shown in Figure 5a, the
catalysts give similar bands of CO adsorption. In detail, bands at ca. 2072–2077 cm−1 and
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2015–2042 cm−1 are ascribed to CO linearly adsorbed on highly coordinated Ir0 located
on single-crystal planes and low coordinated Ir0 located on the edges and corners [30–32],
respectively. Additionally, the band at 2072 cm−1 in the Ir/TiO2-A blue shifts to 2077 cm−1

in the Ir/TiO2-N, indicating that the stronger interaction of Ir NPs with the support in the
latter, which is consistent with the H2-TPR results.

The defect structures of the pre-reduced bare TiO2 NCs and Ir/TiO2 catalysts were
determined by the EPR technique. As shown in Figure 5b, all the Ir/TiO2 catalysts as
well as the TiO2 support exhibit a distinct feature at g = 2.002 ascribed to the oxygen
vacancy with one electron (F1+ color center) [33]. As shown in Figure 5b, the intensities
of F1+ color center in the pre-reduced Ir/TiO2 catalysts are all slightly weaker than that
of bare TiO2 probably due to the surface oxygen vacancy covered by the Ir NPs, which
decreases the signal of the F1+ color center in the former. In addition, some new weak
signals due to the surface Ti3+ signal (g⊥-type feature, Tisurf

3+) at g = 1.968 appear all
over these Ir/TiO2 catalysts, indicating that Ti4+ can be reduced to Ti3+ on the catalyst
surface in the presence of Ir due to the typical spillover effect [34,35]. Nevertheless, the
intensities of F1+ in the Ir/TiO2-Cl and Ir/TiO2-N catalysts are slightly stronger than that
in the Ir/TiO2-A, indicating the relatively higher oxygen vacancy concentration in the
former since it is widely believed that the concentrations of the F1+ color center represent
the relative concentration of oxygen vacancy [36], which is probably due to their relatively
better redox ability, as demonstrated by H2-TPR results (Figure 3a).
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Figure 5. (a) in situ DRIFTS of CO adsorption at 30 ◦C and (b) EPR spectra at 130 K of the pre-reduced
bare TiO2-{101} NCs and Ir/TiO2 catalysts. (Note: the EPR intensity comparisons of different samples
were carried out based on the same loading (ca. 30 ± 1 mg)).

3.2. Catalytic Behaviors of the Catalysts

Figure 6 illustrates the reaction behaviors of the catalysts. The bare TiO2 NCs are
inactive at a reaction temperature of 80 ◦C. For Ir/TiO2 catalysts, regardless of the employed
precursor, both activity and selectivity were evidently improved, especially in the initial
stage (after 30 min reaction). The main products are a target product CROL (with a
selectivity of ca. 60–75%), and the by-products are BUAL (with a selectivity of ca. 20–30%),
BUOL (with a selectivity of ca. 3–5%), C3 (i.e., propylene and propane) and C8 (2,4,6-
octatrienal) compounds (with a selectivity of ca. 2–3%). All the catalysts suffer deactivation
during the reaction process due to the formation of coke deposits from the starting products
parallel to the main hydrogenation reaction[12], but the reaction reaches a quasi-steady state
after 180 min. Comparison of the behaviors of the different Ir/TiO2 catalysts (Figure 6a–c)
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reveals that the initial CRAL conversion ranks as follows: Ir/TiO2-N (14.8%) > Ir/TiO2-Cl
(12.1%) > Ir/TiO2-A (5.1%), while the selectivity to CROL remains relatively constant
(60–70%). Similar trends are also observed during the quasi-steady state. Figure 6d–e also
compares the reaction rates and turnover frequencies (TOFs) of the catalysts at different
stages. At the initial stage (TOS = 30 min, Figure 6d), the Ir/TiO2-N gives the highest rate
of 108.2 µmolCRAL gIr

−1 s−1 and the highest TOFIr of 0.0174 s−1 (for CROL formation),
while the Ir/TiO2-A catalyst gives the lowest rate of 36.9 µmolCRAL gIr

−1 s−1 and the
lowest TOF of 0.0078 s−1. Therefore, the Ir/TiO2-N shows a three-fold higher reaction rate
and two-fold TOF than Ir/TiO2-A, suggesting the crucial roles of the Ir precursors on the
reaction. Moreover, Ir/TiO2-N gives the best performance in the extended reaction period,
as shown in Figure 6e–f.  
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Figure 6. (a–c) Time course of selective hydrogenation of vapor phase CRAL over the pre-reduced Ir/TiO2 catalysts and
(d–f) comparison of their CRAL reaction rates and CROL formation TOF at time on stream (TOS) of 30, 180 and 300 min.
(Reaction condition: catalyst loading: 5 mg diluted with 195 mg silica, reaction temperature = 80 ◦C; total flow rate = 26 mL
min-1; CRAL content = 1 mol.%).

The performance of the different Ir/TiO2 catalysts and other reported Ir-based cat-
alysts applied in the gas-phase hydrogenation of crotonaldehyde were summarized in
Table 2. As shown in Table 2, the majority of these catalysts were subjected to pre-reduction
by H2 atmosphere at 300 ◦C as the best performance could be obtained using this reduction
temperature [13,14]. Meanwhile, the reaction rate of the Ir/TiO2-N catalyst is comparable
to the result reported by Yuan et al. [18], giving a value of 24.7 µmol gIr

−1 s−1. Concerning
the turnover frequency for the CROL formation, the values obtained on the Ir/TiO2 cata-
lysts in the current works (2.6–4.4 × 10−3 s−1) are comparable to those on bare supports
(e.g., 3.8 × 10−3 s−1 on the Ir/TiO2 [13]). However, they are lower than those obtained
on the promoted Ir catalysts (e.g., 16.9 × 10−3 s−1 on the 3Ir-0.05(Cr-Fe)/SiO2 [18] and
18.0 × 10−3 s−1 on the 3Ir/0.1Fe/SiO2 [23]), which could be ascribed to the much higher Ir
dispersions in the current work (64.7–84.6%, Table 1) than those in 3Ir-0.05(Cr-Fe)/SiO2
(29.0%) [18] and 3Ir0.1Fe/SiO2 (23.5%) [23].
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Table 2. Summary of reaction results over various Ir-based catalysts.

Sample a Reduction
Temperature/◦C

Reaction
Time/min

Reaction
Rate b

/µmol
gIr−1 s−1

TOF c/×10−3

Selectivity /%

ReferenceCrotyl
Alcohol Butanal Others d

Ir/TiO2-A 300 180 11.5 2.6 70.1 29.9 0 This work
Ir/TiO2-Cl 300 180 21.7 4.4 71.3 27.0 1.7 This work
Ir/TiO2-N 300 180 24.7 4.1 69.5 28.8 1.7 This work

Ir/TiO2 300 500 16.2 3.8 74.6 14.6 10.8 [13]
Ir/ZrO2 500 180 8.7 7.6 82.2 8.1 9.7 [37]

3Ir0.1Fe/SiO2 300 600 23.8 18.0 90.8 3.7 5.5 [23]
3Ir-0.05(Cr-Fe)/SiO2 300 600 27.1 16.9 85.9 8.3 5.8 [18]

3Ir-0.05Fe/BN 300 180 16.4 6.7 84.4 9.0 6.6 [24]
Ir-NbOx/SiO2 (Nb/Ir = 0.5) 500 120 48.4 210 92.8 3.7 3.0 [22]

a All these catalysts were applied in the gas-phase hydrogenation of crotonaldehyde. Except for Ir-NbOx/SiO2 (Nb/Ir = 0.5) catalyst, the reaction temperature is 100 ◦C, and the others are 80 ◦C; b moles
of crotonaldehyde converted per gram of Ir per second; c TOF = moles of crotyl alcohol formed per mole of exposed metal sites based on Ir dispersion per second; d Others are butanol, C8 compounds
(2,4,6-octatrienal) and C3 compounds (propane and propylene).
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3.3. In Situ FTIR Studies of CRAL Reaction over Ir/TiO2 Catalysts

An in situ FTIR spectroscopic study was conducted in order to investigate the effect of
Ir precursor on the CRAL reaction properties of the Ir/TiO2 catalysts. As shown in Figure 7,
the FTIR bands of CRAL hydrogenation over the Ir/TiO2 catalysts are mainly located
in three regions, i.e., 1950–2060, 1500–1800 and 1350–1450 cm−1

. The weak bands in the
1950–2060 cm−1 region could be assigned to irreversibly adsorbed CO on various metallic
Ir species due to the decarbonylation of CRAL. The bands in the 1500–1800 cm−1 region
are the features of stretching vibrations of C=C and C=O bonds in the CRAL molecule. In
detail, two weak bands located at 1710 and 1725 cm−1 could be ascribed to the v(C=O) bond
of the residual gaseous CRAL molecule [17,19] in the IR cell, which could not be completely
removed by the flow of N2. The bands at 1656–1658 and 1675–1682 cm−1 are assigned to
CRAL adsorbed via the C=O bond in di-σCO mode [12] and πCO mode [4], respectively. The
band at ca. 1642 cm−1 could be ascribed to the di-σCC mode of CRAL adsorption via C=C
bond [4]. These results demonstrated that CRAL molecules can adsorb on Ir/TiO2 surface
via both C=O and C=C bonds. In addition, we found that the intensities of the bands at 1658
and 1682 cm−1 on the Ir/TiO2-A catalyst are much lower than those on the Ir/TiO2-Cl and
Ir/TiO2-N catalysts, suggesting that the C=O bond adsorption on the Ir/TiO2-A catalyst
is inhibited, probably due to its low acidity, as shown in Figure 3b. Moreover, bands at
1642, 1656–1658 and 1675–1682 cm−1 for the Ir/TiO2-Cl and Ir/TiO2-N catalysts decline
rapidly in intensities within 5 min, indicating a facile reaction between CRAL molecules
and H2. In addition, since the band at 1675–1682 cm−1 still remains after 5 min while
that at 1656–1658 cm−1 completely disappears, it suggests that the hydrogenation of the
C=O bond in the di-σCO adsorption configuration is easier than that in the πCO adsorption
configuration. The bands in the 1377–1450 cm−1 region are ascribed to the symmetric and
asymmetric δ(C-H) vibration of methyl (CH3-) groups [4,19], which are more prominent
on the Ir/TiO2-Cl and Ir/TiO2-N compared to those on the Ir/TiO2-A catalyst. However,
for the Ir/TiO2-A catalyst, the bands at 1682 and 1642 cm−1 are so weak compared to
those at 1377–1450 cm−1 and rapidly disappear in 1 min, indicating that the hydrogenation
reaction over the Ir/TiO2-A catalyst is inhibited. Meanwhile, the bands in the region of
1900–2050 cm−1 remain constant during the reaction, demonstrating strong CO adsorption
on the surface Ir species, particularly in the Ir/TiO2-Cl and Ir/TiO2-N catalysts. Therefore,
the strong CO adsorption may account for another reason for the catalyst deactivation
during the reaction.
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3.4. Discussion on the Effect of Ir Precursors and Reaction Mechanisms

In the current work, we found that the Ir precursors exert a profound influence on the
properties of the Ir/TiO2 catalysts and, consequently, their reaction behaviors. The main
conclusion could be drawn that the Ir/TiO2 catalysts employing H2IrCl6 and (NH4)2IrCl6
as the precursors give much better performance (both CRAL reaction rates and TOF for
CROL formation) than the one using Ir(acac)3 as the precursor. The Ir precursor signifi-
cantly altered the Ir-TiOx interactions, including Ir morphologies (Figure 2), reducibility
(Figure 3a), surface acidity (Figure 3b), as well as electronic properties (Figures 4 and 5a).
For CRAL hydrogenation over Ir supported on reducible oxides, such as TiO2, the reaction
takes place on the Ir-TiOx interface, with the metallic Ir species offering sites for H2 dissoci-
ation, while the partially reduced TiOx with oxygen vacancies (working as Lewis acid sites)
offering sites for CRAL adsorption. H2 molecules are believed to dissociate heterolytically
on metallic Ir species [22]. Therefore, a high concentration of metallic Ir species in the
catalyst seems helpful in the H2 dissociation. In the current work, the Ir0 concentrations
in the Ir/TiO2 catalysts (Figure 4) follow the order of Ir/TiO2-N (96.3%) > Ir/TiO2-Cl
(87.6%) > Ir/TiO2-A (81.5%), in parallel with their CRAL reaction rates and TOF of CROL
formation, as shown in Figure 6d. These results also demonstrated that an increase in
the amount of metallic Ir favors the catalytic activity. Moreover, it is well known that the
adsorption features of CRAL on the catalyst surface play essential roles in determining
both activity (adsorption strength) and selectivity (adsorption configuration), which is
commonly related to the surface acidity of the catalyst [38]. Since the three catalysts give
similar selectivity to CROL, it could be deduced that the CRAL adsorption geometries
on these catalysts are similar. Indeed, the FTIR results (Figure 7) indicated that the main
adsorption configuration of CRAL on the catalysts is via the C=O bond, which accounts
for the observed high selectivity (ca. 70%) to CROL. Such C=O bond adsorption geometry
is due to the interaction between the charge-enriched oxygen atom in the C=O bond and
the Lewis acid sites on the catalyst surface, which has been well recognized and plays an
essential role in the adsorption of the C=O bond in the CRAL molecule [12,14]. The high
surface acidity of the Ir/TiO2-N and Ir/TiO2-Cl is responsible for their high activity, while
the low surface acidity of the Ir/TiO2-A leads to low activity. Therefore, the results clearly
demonstrate the synergistic roles of the Ir–TiOx interface in the reaction, which have been
proposed previously by others [12].

4. Conclusions

This work demonstrates the strong effect of Ir precursors on the reaction behaviors
of Ir/TiO2 catalysts for CRAL hydrogenation. The Ir/TiO2-N and Ir/TiO2-Cl catalysts
prepared using Cl-containing Ir precursors ((NH4)2IrCl6 and H2IrCl6, respectively) are
more active than that prepared using a Cl-free Ir(acac)3 precursor, with the Ir/TiO2-N using
(NH4)2IrCl6 precursor possessing the best performance. Such high activities are not related
to the presence of residual chlorine species as their contents are very low. Instead, the
improved activities are related to different Ir-TiOx interactions induced by the Ir precursor.
For example, the strong Ir-TiOx interaction in the Ir/TiO2-N catalyst results in the facile
reduction of the IrOx species as well as the adjacent TiO2. Consequently, the presence of
a high concentration of metallic Ir species is helpful in the dissociation of H2, while the
partially reduced Ti3+ and related oxygen vacancies generate surface acid sites for CRAL
adsorption. Therefore, such an Ir-TiOx interface plays a synergistic role in the reaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101216/s1, Figure S1: TG/DSC profiles for Ir(acac)3.
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