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As  reducible  supports,  metal  oxides  present  the  varied  charge  effect  after  hydrogen  doping  and  partial
reduction,  accomplishing  the  tunable  metal-support  interactions  and  the  promoted  catalytic  turnover
in heterogeneous  catalysis.  Herein,  the one-pot  fabrication  of  hydrogenated  MoOx (H-MoOx) nanorods
supported  Ir (Ir/H-MoOx)  was  developed,  which  simultaneously  combined  the  generation  of  active  cen-
ters (Ir) and  the  hydrogen  doping  on  supports  (H-MoOx).  Because  of  the  accumulated  electrons  around
MoO6 octahedras  after  hydrogen  doping,  the electronic  perturbations  arising  from  H-MoOx supports  led

�−

ydrogenated molybdenum oxides

ridium
etal-support interactions

hemoselective hydrogenation

to the  negatively  charge  Ir species  being  beneficial  for the selective  hydrogenation  of C O  moiety  in
�,�-unsaturated  aldehydes.  In  the  hydrogenation  of cinnamaldehyde  to cinnamyl  alcohol,  Ir/H-MoOx

delivered  selectivity  as  high  as  ∼93%,  performing  among  the  best  of current  metal-based  catalysts.  Addi-
tionally,  the  efficacy  for various  substrates  with  multiple  groups  further  verified  our  Ir/H-MoOx system

mose
,�-unsaturated aldehydes to be  competitive  for che

. Introduction

Reducible metal oxides, referring to the metal oxides with vari-
ble valence states and relatively easy to be reduced, are promising
atalyst supports [1–3]. The partial reduction or hydrogen dop-
ng of such oxides results in the emerging “hydrogenated metal
xides” (H-MOx), which consequently possesses the abundant oxy-
en vacancies, M-OH and M-H  on surface, and more importantly
he tuneable band states with metallic features [4–6]. Such vari-
tions would further affect the size, morphology, and valence
tate of loading metals via metal-support interactions, facilitat-
ng the achievement of high catalytic conversion with satisfied
electivity [1,3]. Particularly, hydrogenated molybdenum oxides
H-MoOx) have been highlighted due to the enhanced acidity with

 doping and the tailored electronic configuration associated with

arious valence states (Mo6+, Mo5+, Mo4+, Mo3+ and Mo2+) [7,8].
esides as functional segments in organic optoelectronic devices,
hotodetectors and energy storage materials [7,9–11], they also
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lective  hydrogenation.
© 2016  Elsevier  B.V.  All  rights  reserved.

serve as important supports or additives for catalytic hydro-
genation [12–16]. On one hand, acidic H-MoOx is active for the
acid-catalyzed ring-opening and cyclization processes, which can
provide important synergy towards the selective hydrogenation of
biomass-derived oxygenates [15–17]. On the other hand, the abun-
dant oxygen vacancies on H-MoOx can facilitate the adsorption
of oxygen-containing groups (e.g., C O) in substrates, improving
both activity and selectivity in comparison with only metal cata-
lysts [12]. However, the electronic metal-support interactions of
H-MoOx are rarely discussed in this subject, which are reasonably
expected in the regard of its metallic band states.

Chemoselective hydrogenation of �,�-unsaturated aldehydes
into their corresponding unsaturated alcohols is an important step
towards value-added chemicals used in flavorings, perfumes, and
pharmaceuticals [18,19]. Due to the higher free reaction enthalpy
of C O (40 kJ mol−1) than that of C C (35 kJ mol−1), saturated
aldehydes instead of desired unsaturated alcohols are the ther-
modynamically favoured products [19]. It is fundamental and
challenging to develop selective catalysts to hydrogenate car-
bonyl from the conjugated ethylenic (C C) and carbonyl (C O)

groups. Iridium (Ir) with large d-bands shows high activity for
�,�-unsaturated aldehydes hydrogenation, however the selectiv-
ity is usually unsatisfied because of the adsorption/activation of
both C C and C O on the large unoccupied d-orbitals [20,21]. An
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cheme 1. Schematic illustration for the one-pot fabrication of Ir/H-MoOx nanorods
or  chemoselective hydrogenation.

ncreasing electronic density around Ir is desired to optimize the
ydrogenation routes, in which excessive electrons will enhance
he repulsive force with C C, and also promote the electron feed-
ack to �* in polar C O [18,22]. Such regulation can be achieved via
lectronic metal-support interactions on designed supports [4,23].
n the regard of the large-density states around increasing Fermi
evel (EF) and the appreciable delocalized electrons [10,24,25], H-

oOx is expected to present feasible electronic interactions for
hemoselective hydrogenation. As evidenced in very recent work,
he introduction of H-MoOx into Ir/SiO2 catalysts benefited the
elective hydrogenation of crotonaldehyde to crotyl alcohol [12],
hich was ascribed to the promotion of C O adsorption on H-MoOx

urface, and the electronic metal-support interactions were unfor-
unately ignored. By contrast, in cinnamaldehyde hydrogenation,
he undesired C C hydrogenation on Pd, rather than C O, was  pro-

oted by using H-MoOx as the supports [14]. These interesting, but
ontroversial findings indicate the importance of the varied inter-
ctions associated with H-MoOx supports, which needs uncovering
nd further optimization.

Regarding the feasible hydrogen doping into oxides by H2
pillover from noble metals [25], we herein develop a one-pot fab-
ication of H-MoOx nanorods supported Ir (Ir/H-MoOx) catalysts for
hemoselective hydrogenation. As shown in Scheme 1, Ir nanopar-
icles (NPs) generate from the reduction of H2IrCl6 by H2/Ar at

ild temperature, which serve as active-sites for disassociating
2 molecules to H atoms upon further heating [26]. The highly
ctive H atoms migrate to the surface of MoO3, and further dif-
use into the bulk, thereby leading to the in-situ hydrogenation
f MoO3. Such fabrication, simultaneously combining the genera-
ion of active metal centres and the hydrogen doping on supports,
nsures the interactions between ultrafine Ir and fresh H-MoOx

urface. The accumulated electrons around the MoO6 octahedral of
-MoOx promote the strong electronic interactions with Ir, result-

ng in negatively charge Ir�− species favouring the activation and
urnover of C O. As expected, Ir/H-MoOx catalysts show high selec-
ivity for the hydrogenation of �,�-unsaturated aldehydes into
nsaturated alcohols. In cinnamaldehyde (CAL) hydrogenation, the

r/H-MoOx present the cinnamylalcohol (COL) selectivity as high as
3%, outperforming the Ir on other supports (e.g., MoO3, SiO2, ZrO2,
nd active carbon (AC)) and even conventional metal catalysts.
oreover, the efficacy for various substrates that possess multiple

roups (e.g., crotonaldehyde, citral, furfural and nitroarenes) fur-
her verifies our Ir/H-MoOx to be competitive for chemoselective
ydrogenation.

. Experimental

.1. Catalyst preparation
.1.1. MoO3 nanorods
The precursor of Mo3O10(C6H8N)2·2H2O nanowires were fabri-

ated according to our previous report [27]. And the MoO3 nanorods
s A: Chemical 425 (2016) 248–254 249

used as catalyst supports in this work were obtained via calcining
Mo3O10(C6H8N)2·2H2O at 400 ◦C for 2 h under air flow.

2.1.2. Ir/H-MoOx, Ir/MoO3, Ir/MoO3(c) (MoO3(c): commercial
MoO3), Ir/TiO2, Ir/ZrO2, Ir/AC, and Ir/SiO2

Corresponding support was impregnated with H2IrCl6 aqueous
solution and then stirred at 80 ◦C for 4 h. The samples were dried
at 50 ◦C overnight, followed by a reduction with a stream of 5 vol%
H2/Ar at 300 ◦C for 2 h. For Ir/MoO3, a lower temperature of 200 ◦C
was adopted for the reduction, employing MoO3 nanorods as the
support.

2.1.3. Pt/CNT (CNT: carbon nanotubes) and Ag/SiO2
CNT or SiO2 was  impregnated with metal-source aqueous solu-

tion and then stirred for 4 h at 80 ◦C. The samples were then dried
at 50 ◦C overnight, followed by a reduction with a stream of 5 vol%
H2/Ar at 300 ◦C for 2 h.

2.1.4. Au/SiO2
A typical deposition-precipitation procedure was employed to

prepare Au/SiO2 catalyst. Briefly, SiO2 was dispersed with the aque-
ous solution of HAuCl4, and pH was adjusted to 9.0 by dropwise
addition of 0.25 M NH3·H2O (aq.). After stirring for 6 h and aging
for another 2 h, the catalysts were washed with deionized water for
five times and then dried at 50 ◦C overnight, followed by a reduction
with a stream of 5 vol% H2/Ar at 300 ◦C for 2 h.

2.2. Physical characterization

X-ray diffraction (XRD) analysis was performed on Bruker D8
diffractometer using Cu K� radiation (� = 1.54056 Å). Scanning
electronic microscopy (SEM) and transmission electron microscopy
(TEM) investigations were taken on a ZEISS ULTRA55 and a
JEOL JEM 2100F, respectively. Energy dispersive spectrum (EDS)
attached on TEM was  carried out on a JEOL JEM 2100F. The
UV–vis diffuse reflection spectra (UV-vis DRS) were carried out
on Varian Cary 5000 at room temperature. X-ray photoelectron
spectroscopy (XPS) was processed on a Perkin-Elmer PHI X-tool,
using C 1 s (B. E. = 284.6 eV) as a reference. The metal loading
was determined by an inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-AES). The Brunauer–Emmett–Teller (BET)
specific surface areas were determined by adsorption-desorption
of nitrogen at liquid nitrogen temperature, using an automatic
gas adsorption analyzer (Quantachrome Autosorb-iQ-MP). The
hydrogen temperature-programmed reduction (H2-TPR) and CO
chemisorption measurement were both conducted on a XianQuan
instrument TP 5076, and the NH3 temperature-programmed des-
orption (NH3-TPD) analysis was  carried out on a Micromeritics
instrument ChemSorb 2920.

2.3. Catalytic performance measurement

CAL hydrogenation was  carried out in a 100 mL  stainless steel
autoclave (Parr 4848 reactor controller), in which 25 mg  of cata-
lyst, 2 mmol  of CAL, 20 mL  of EtOH and 30 mL  of H2O were loaded.
The reactor was sealed and purged with H2 to remove the air for
3 times, and then the reactor was  heated to the desired tempera-
ture. Hydrogen (2 MPa) was purged into the reactor after desired
temperature was  reached and the stirrer was  started. The products
were analyzed by Shizumadu GC-2014C with a FID detector. The
conversion (conv.; %), selectivity to COL and hydrocinnamaldehyde

(HCAL) were calculated with the formulas.

CCAL = NCAL,0 − NCAL

NCAL,0
× 100 (1)
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ig. 1. (a) H2-TPR profiles of H2IrCl6/MoO3 and bare MoO3, and (b) XRD, (c) UV–vi
nd  H2 reduction at different temperature.

i =
Ni

NCAL,0 − NCAL
× 100 (2)

here NCAL,0 and NCAL are the moles of CAL initially presented in the
eactor and the moles of CAL remaining at the time t, respectively;
i (NCOL, NHCAL) are the number of moles of COL and HCAL in the
ixture at the time t.

. Results and discussion

One-dimensional (1D) MoO3 (Fig. S1 in Supplementary materi-
ls) derived from Mo3O10(C6H5NH3)2·2H2O nanowires [28] is used
he supports in this work (Scheme 1). After a typical impregnation
ith H2IrCl6 solution, a reduction by 5 vol.% H2/Ar is conducted to

imultaneously generate Ir NPs and hydrogenate MoO3 supports
t the same time. As indicated by the H2-TPR results (Fig. 1a), the
eduction of Ir4+ to metallic Ir on MoO3 surface occurs at around
80 ◦C [29,30]. The following hydrogen consumption at 260 ◦C
hould be ascribed to the hydrogenation of MoO3 surface. By con-
rast, bare MoO3 displays a reduction at a higher temperature of
80 ◦C, which is consistent with previous reports that identified
he undetectable reduction by H2 below 400 ◦C. The easier reduc-
ion is associated with the H2 spillover from as-form Ir NPs to MoO3
urface. The chemisorbed hydrogen molecules can dissociate at Ir
ites to highly active hydrogen atoms, which migrate to the sur-
ace of MoO3, and further diffuse into the bulk [26,31], thereby

ccomplishing the in-situ hydrogenation of MoO3 (Scheme 1). As
onfirmed by XRD analysis (Fig. 1b), the product received after

 H2 treatment at 200 ◦C still remains the phase of orthorhom-
ic MoO3 (JCPDS No.: 65-2421), the same as the pristine MoO3.
and (d) NH3-TPD profiles of MoO3 and the corresponding products after Ir loading

Such product is thus denoted as Ir/MoO3. As higher temperature
(300 ◦C) is adopted for reduction, the hydrogenated Ir/H-MoOx is
finally obtained. In its XRD pattern (Fig. 2b), the diffraction peaks
for MoO3 disappear, and the new ones at 2� = 38.1◦ and 44.1◦

should be assigned to the as-formed HxMoOy [32,33]. Moreover,
the above structural evolution is also validated by the UV–vis DRS
investigation (Fig. 1c). Bare MoO3 nanorods present a characteris-
tic absorption around 400 nm,  consistent with the band gap energy
(3.1–3.2 eV) of MoO3 [25]. A new absorption from 500 to 700 nm
emerges in Ir/MoO3, probably associated with the loading of plas-
monic Ir nanostructures and the slight reduction on MoO3 surface
[34]. After the treatment by H2/Ar at 300 ◦C, Ir/H-MoOx displays
a wide absorption in UV–vis region, indicating the obvious vari-
ation of gap states in MoO3 due to hydrogen doping and partial
reduction [35]. In addition, the acidity of the above samples was
determined by means of NH3-TPD technique (Fig. 1d). The amount
of NH3 desorbed from the parent MoO3 nanorods is negligible,
indicating the low density of acidic sites on surface. After the H2
treatment at 200 and 300 ◦C, the signal for desorbed NH3 is greatly
improved on Ir/MoO3 and Ir/H-MoOx, consistent with the acidic
sites arising from H-doping in MoOx [15]. Regarding the well-
retained orthorhombic MoO3 at 200 ◦C in XRD, a surface H-doping
on Ir/MoO3 should be suggested, which is not sufficient to alter the
crystalline structure inner nanorods. Noticeably, the similar NH3-
TPD signal observed on both Ir/MoO3 and Ir/H-MoOx suggests their

similarity in surface acidity.

The SEM and TEM investigations were further carried out to
characterize the structures of Ir/MoO3 and Ir/H-MoOx, with a sim-
ilar Ir loading of 3.5 ± 0.1 wt%. It is noticed that the metal loading
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ig. 2. (a, c) SEM and (b, d) TEM images of (a, b) 3.6%Ir/MoO3 and (c, d) 3.4%Ir/H-Mo
f  Ir NPs.

entioned in this work has been already determined by ICP-AES.
s displayed in Fig. 2a and c, the morphology of nanorods inherit-

ng from 1D MoO3 precursors is observed in SEM for both Ir/MoO3
nd Ir/H-MoOx. Such 1D nanostructures incline to form intercon-
ecting networks with rich pores, which benefits the dispersion of
atalyst in solvent, and more importantly the diffusion of substrates
nd products during hydrogenation. And, the attached EDS on TEM
learly identify the successful loading of Ir (Fig. S2 in Supplementary
aterials). The TEM images (Fig. 2b and d) show well-dispersed Ir
Ps with a size centered at 2.5 ± 0.1 nm on both MoO3 and H-MoOx

anorods. Furthermore, the similarity in Ir size can be validated
y the CO uptake analysis of the above samples, which shows the
egligible difference (Table S1 in Supplementary materials).

To access the chemical states of above supported Ir relying on
upports, XPS analysis focusing on Mo  (Fig. 3a) and Ir (Fig. 3b) was
onducted. In both Ir/MoO3 and Ir/H-MoOx, the Mo  3d profiles can
e deconvoluted into four peaks, in which the peaks at 232.5 and
35.6 eV are respectively ascribed to 3d5/2 and 3d3/2 of Mo6+, and
hose at 231.2 and 234.3 eV are associated with Mo5+ [36]. On the
urface of Ir/MoO3 that is received at 200 ◦C, dominant Mo6+ and
egligible Mo5+ species are observed, consistent with the results
f H2-TPR and XRD. With an effective hydrogenation at 300 ◦C, the

r/H-MoOx clearly presents the enriched Mo5+ in comparison with
o6+. This well agrees with the observation in Pd/MoO3 after a

reatment with H2 flow [25]. Accordingly, obvious electronic metal-
upport interactions in Ir/H-MoOx are indicated by the Ir 4f XPS

rofiles (Fig. 3b). The Ir 4f7/2 and 4f5/2 at 60.3 and 63.3 eV, respec-
ively, are red-shifted as compared with those of metallic Ir (Ir 4f7/2:
0.8 eV, Ir 4f5/2: 63.8 eV[37]) on MoO3, and also those on inert SiO2
upport (Fig. S3 in Supplementary materials). This observation well
e insets of b and d are the corresponding HR-TEM images and the size-distribution

indicates the negatively charged Ir�− on H-MoOx surface. According
to the previous experimental discovery and theoretical calcula-
tion, the effective hydrogenation of MoO3 can lead to the metallic
band structure with excessive electrons [8,10]. The layered struc-
ture of orthorhombic MoO3 host allows massive H atoms insertion
at interlayer positions, which coordinate strongly with terminal
oxygen atoms and cause the distortion of MoO6 octahedras in H-
MoOx framework [25]. Upon adsorption on terminal oxygen atoms,
hydrogen atoms become protonic and electron transfers from H 1s
orbital to the O 2p orbital [38]. Subsequently, the terminal oxy-
gen atoms transfer charges to the coordinating Mo  atoms, thereby
causing the partial reduction of molybdenum and the delocal-
ized electrons near EF in H-MoOx [25]. Such delocalized electrons
donated by penetrating hydrogen will enable the electronic inter-
actions of Ir, resulting in the detectable Ir�− species. Regarding the
repulsive four-electron interactions with C C and the d-electron
feedback into polar C O both promoted by the enhanced electronic
density in Ir [18,22,30], we anticipate that such electronic inter-
actions in Ir/H-MoOx will benefit the selective hydrogenation of
�,�-unsaturated aldehydes.

The benefit of negatively charged Ir�− on H-MoOx nanorods
in the hydrogenation of �,�-unsaturated aldehydes was demon-
strated by the highly selective route for cinnamaldehyde (CAL).
As illustrated in Fig. 4, the hydrogenation can proceed either at
C C or C O group. The former gives saturated aldehyde (hydrocin-
namaldehyde, HCAL), and the latter leads to unsaturated alcohol

(cinnamyl alcohol, COL), which is industrially desired. As expected,
3.4%Ir/H-MoOx presents a high selectivity for COL. In the time
courses of reaction (Fig. 4), the desired COL is the main product,
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Scheme 2. Schematic illustration for the varied adsorption of CAL on Ir0 and Ir�−

surface, which result from the electronic interactions with different supports, i.e.,
MoO3 and H-MoOx nanorods, respectively. The preferred adsorption of C O on Ir�−

would lead to the obviously improved selectivity of COL.

Fig. 4. Time-dependent profile of CAL hydrogenation over 3.4%Ir/H-MoOx. Inset
shows the corresponding reaction pathways.
ig. 3. XPS profiles of (a) Mo 3d and (b) Ir 4f in 3.6%Ir/MoO3 and 3.4%Ir/H-MoOx.

nd the by-products of HCAL and hydrocinnamal alcohol (HCOL)
re limited to a low level. After a reaction for 120 min, an almost
omplete conversion of CAL is observed, and the distribution of
esired COL in the reacting solution is higher than 90%, which well
emains even with the prolonged time to 320 min.

The detailed hydrogenation results over supported Ir catalysts
re summarized Table 1. At the reaction time of 120 min, when the
aximum yield of COL is achieved, 3.4%Ir/H-MoOx shows a COL

electivity as high as 93% with an almost complete CAL conver-
ion (entry 1 in Table 1). Regarding the low conversion on bare
oO3 nanorods at the same condition (entry 2 in Table 1), the well-

ispersed Ir NPs are believed as the main active species. The COL
electivity of 93% over 3.4%Ir/H-MoOx is obviously higher than that
ver 3.6%Ir/MoO3 (74%, entry 3 in Table 1), which can be further
onfirmed by the initial formation rates of COL (rC O) and HCAL
rC C). Obviously, 3.4%Ir/H-MoOx presents a much higher rC O of
03 �mol  s−1 gIr

−1 than rC C (30 �mol  s−1 gIr
−1).

The TEM (Fig. 2b and d) and CO uptake (Table S1 in Supplemen-
ary materials) analysis already confirmed the negligible difference
n Ir particle size and active-site amounts on H-MoOx and MoO3.
he surface acidity should be taken into account, because it also
ffects the adsorption and turnover of CAL [12,15]. As attested by
he NH3-TPD result (Fig. 1d), the similar signal for desorbed NH3
n both Ir/MoO3 and Ir/H-MoOx can rule out the effect of surface
cidity. Thus, it is reasonable to ascribe the improved COL selectiv-
ty on Ir/H-MoOx to the varied electronic configuration associated

ith the metal-support interactions. It’s previously reported that
oth C C and C O can be adsorbed and activated on Ir due to

ts unoccupied d-orbitals (Scheme 2), resulting in the unselective
ydrogenation [20,30,39]. As the electronic density of Ir increases,

he excessive electrons in expanded d-bands would strengthen the
our-electron repulsive interactions with non-polar C C [18]. By
ontrast, the adsorption of polar C�+ = O�− would be promoted on
his negatively charged Ir�− because of electrostatic interactions,
Fig. 5. CAL hydrogenation over 3.4%Ir/H-MoOx for five successive runs, showing the
CAL conversion and COL selectivity at the time of 120 min.

and even its activation due to the electron feedback to �* of C O
[18,22,40]. As a result, such negatively charged Ir�− on H-MoOx,
distinguished from the metallic Ir0 on inert MoO3, contributes to
the highly selective hydrogenation of C O. Although HxMoO3 has
been ever introduced as supports for Pd in CAL hydrogenation, the
C C hydrogenation was unfortunately preferred [14]. In the control
experiment of this work, the 3.4%Pd/H-MoOx shows the unselec-
tive hydrogenation for CAL (t = 60 min, CCAL > 99%, SCOL < 25%). It’s
believed that the nature of various metals make obvious influence
on their interactions with H-MoOx, which is of great importance
for the chemoselective hydrogenation.

The selective hydrogenation on Ir/H-MoOx is affected by the
nature of the H-MoOx and Ir loading, as a result of their inter-

actions. As commercial MoO3 with micron size is employed as
supports (denoted as Ir/MoO3(c)), the CAL conversion (32%) is lower
than that on Ir/H-MoOx, although the COL selectivity remains >90%
(entry 4 in Table 1). The reduced activity can be ascribed to the
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Table  1
Hydrogenation results of CAL over supported Ir catalysts and other counterpartsa.

Entry Catalysts Time (min) Conv. (%) Sel. (%) Initial ratec

COL HCAL rC O rC C

1 3.4%Ir/H-MoOx 120b >99 93 2 807 30
2  MoO3 120 5 82 15 / /
3  3.6%Ir/MoO3 120 78 76 8 280 13
4  3.5%Ir/MoO3(c) 120 32 91 5 118 3
5  2.8%Ir/H-MoOx 120b 92 91 3 691 44
6  5.6%Ir/H-MoOx 120b >99 90 2 656 43
7  8.5%Ir/H-MoOx 120b >99 85 2 365 10
8  3.8%Ir/TiO2 270b 98 64 7 187 13
9  3.6%Ir/ZrO2 270b 89 77 10 226 26
10  3.2%Ir/AC 390b 41 68 25 31 21
11  3.5%Ir/SiO2 270b 81 78 12 177 15
12  3.9%Pt/CNT 120b 87 52 46 296 64
13  3.8%Au/SiO2 270b 69 70 21 75 13
14  3.2%Ag/SiO2 270b 79 72 18 85 21

a Reaction condition: catalyst (25 mg), CAL (2 mmol), H2O (30 mL), EtOH (20 mL), temperature (100 ◦C), H2 (2 MPa), stirring rate (600 rpm).
b Values corresponding to the maximum yield of CROL.
c Value calculated from the time-profiles in the beginning of reaction, in term of �mol  s−1 gmetal

−1.

Table 2
Chemoselective hydrogenation of various substrates that possess multiple reducible groups over Ir/H-MoOx

a.

Substrate Product solvent T (◦C) t (h) Conv. (%) Sel. (%)

crotonaldehyde (2.0 mmol) crotyl alcohol H2O (50 mL)  100 3.0 88 66

E/Z-citral (2.0 mmol) geraniol + nerol H2O (30 mL)EtOH (20 mL)  100 3.0 95 96

furfural (6 mmol) furfuryl alcohol H2O (10 mL)  30 6.0 98 99

4-chloronitrobenzene (1.0 mmol) 4-chloroaniline EtOH (30 mL) 40 2.0 61 90

1-bromo-4-nitrobenzene(1.0 mmol) 4-bromoanilines EtOH (30 mL) 40 2.0 66 96

4-nitrobenzoic acid (1.0 mmol) 4-aminobenzoic acid EtOH (30 mL) 60 2.0 94 99

s
i
i
s
m
T
l
t
S
i
I
i

a
i
i
t
o

a Reaction condition: catalyst (25 mg), H2 (2 MPa), stirring rate (600 rpm).

mall surface of bulky MoO3 (SBET < 5 m2 g−1, Table S1 and Fig. S4
n Supplementary materials), while, the electronic metal-support
nteractions arising from hydrogenated supports is still available for
elective hydrogenation. Meanwhile, the evolving catalytic perfor-
ance associated with Ir loading from 2.8% to 8.5% (entries 6–8 in

able 1) suggests the optimized loading around 3.4%. With a low Ir
oading (2.8–5.6%), the selectivity of C O remains at a level higher
han 90%, which should be ascribed to the small Ir (2.4 ± 0.1 nm,  Fig.
5 in Supplementary informations) with sufficient metal-support
nteractions. By contrast, the selectivity slightly decreases at a high
r loading (e.g., 8.5%Ir/H-MoOx), probably due to the prohibited
nteractions at enlarged Ir nanoparticles (3.0 nm).

Our 3.4%Ir/H-MoOx is featured by its both high selectivity and
ctivity, in comparison with Ir on other supports (entries 8–11

n Table 1), e.g., TiO2, ZrO2, AC, and SiO2. This highlights the
mportance of interactions between H-MoOx and Ir for selec-
ively hydrogenating CAL with a good efficiency. The performance
f 3.4%Ir/H-MoOx also outperforms those of conventional met-
als (entries 12–14 in Table 1), e.g., Pt/CNT, Au/SiO2 and Ag/SiO2.
The selectivity of 93% over Ir/H-MoOx is also superior to those of
recently reported Ir (Ir/CNT, 68%, Au-Ir/TiO2, 83%), Pt-on-Au nanos-
tructures (<80%) and metal-organic-framework-confined Pt (91%)
[41–43], and comparable to ligand-capped PtFe (94%) [44].

Additionally, a recycle test for the Ir/H-MoOx is carried out to
investigate its service life. As shown in Fig. 5, the catalyst delivers
the high catalytic performance even after five successive cycles.
The similar COL selectivity at a high level >90% indicates the
well-retained catalytic nature of Ir/MoOx. The slight decrement of
activity during cycling is probably due to the inevitable loss of cat-
alysts in recovery by centrifugation, because no Ir is detected in
residual reaction solution by ICP-AES analysis.

More importantly, our Ir/H-MoOx can be considered in a sense

as a universal catalyst for chemoselective hydrogenation, especially
for the substrates with various reducible groups (Table 2). In the
case of �,�-unsaturated aldehydes, 3.4%Ir/H-MoOx presents the
high selectivity of unsaturated alcohols in crotonaldehyde (∼66%),



2 talysi

c
�
d
t
c
t
s
a
i
t
a
a
n
a

4

l
h
t
s
s
s
g
w
w
f

A

P
d
G
(
Y
t
t

A

t
0

R

[
[

[

[

[

[
[
[

[
[
[

[

[

[

[

[

[
[

[

[
[

[
[

[
[
[

[

[

[

[

[

[
[
[

54 S. He et al. / Journal of Molecular Ca

itral (∼96%) and furfural (99%). The steric effects on selective
,�-unsaturated aldehydes hydrogenation have been previously
emonstrated, the more steric prohibition of C C by the substi-
utes at 	-carbon, the higher C O selectivity [18,45]. In the case of
rotonaldehyde, the relatively lower selectivity, as compared with
hose in CAL, citral and furfural, is associated with the negligible
teric hindrance effects of a small methyl at 	-carbon. Meanwhile,
s for substituted nitroarenes, in which the target nitro with polar-
ty prefers the adsorption on Ir�− sites [46], Ir/H-MoOx also displays
he highly selective routes towards the corresponding function-
lized anilines. The selectivity of aromatic anilines is 90%, 96%
nd 99% for 4-chloronitrobenzene, 1-bromo-4-nitrobenzene and 4-
itrobenzoic acid, respectively. These results well verify Ir/H-MoOx

s a promising catalyst for chemoselective hydrogenation.

. Conclusions

In summary, H2 spillover on in-situ formed Ir NPs was  uti-
ized to hydrogenate MoO3 supports on-site, accomplishing the
ighly selective catalyst of Ir/H-MoOx nanorods for chemoselec-
ive hydrogenation. The active Ir�− species on H-MoOx due to the
trong electronic metal-support interactions is responsible for the
elective C O hydrogenation. Such innovation also promotes the
elective hydrogenation of a wide range of organics with multiple
roups, verifying the importance of support interactions associated
ith hydrogenated metal oxides. It is envisioned that the future
ork with more precise control over hydrogenated supports would

urther boost the relevant catalytic applications.
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