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The thermodynamics of glycerol hydrogenolysis to produce 1,2-propanediol (1,2-PDO) and
1,3-propanediol (1,3-PDO) over Ru/ZrOz, Rh/Zr0., ReOx-Rh/Zr0:, and ReOx-Ir/ZrO. were studied
using density functional theory calculations, with a special focus on the mechanism controlling the
activity and selectivity of the reactions. It is found that the decomposition of glycerol on Ru/ZrO:
and Rh/ZrO; proceeds through a dehydration-hydrogenation mechanism. The formation of 1,2-PDO
is thermodynamically favored, and the activity of the Ru-based catalyst is higher than that of the
Rh-based one. In contrast, a direct hydrogenolysis mechanism is proposed for the Re-modified Rh
and Ir catalysts, in which a dissociated H atom on the Rh(Ir) metal surface attacks the C-O bond
neighboring the alkoxide species on the ReOx cluster. In the presence of ReOs-Rh/ZrO, the modified
catalyst favors the production of 1,2-PDO, and 1,3-PDO production becomes competitive. However,
the ReOx-Ir/ZrO: catalyst significantly improves 1,3-PDO selectivity. The direct hydrogenolysis
pathway, as opposed to the indirect hydrogenolysis mechanism for monometallic catalysts, may be
the key to the high 1,3-PDO selectivity on the modified catalysts, where the hydroxylated Re group
facilitates the formation of terminal alkoxide species rather than secondary alkoxides. Steric effects
are important in preferential terminal alkoxide formation on the ReO-Ir/ZrO: catalysts because of
the growth of large Ir-Re clusters, resulting in high selectivity for 1,3-PDO.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

new applications of glycerol to make biodiesel production a
cost-effective process. This has triggered intensive research

Glycerol, which is a major byproduct in biodiesel manufac- into the conversion of glycerol to high-value bio-based chemi-
turing processes, has been identified by the U.S. Department of cals or materials. Among the various processes for converting
Energy as one of the top 12 building block chemicals in the glycerol to marketable chemicals, glycerol hydrogenolysis to
biorefinery industry [1]. It is therefore necessary to develop propanediols has attracted significant interest. It is well known
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that many value-added products, such as 1,2-propanediol
(1,2-PDO) and 1,3-propanediol (1,3-PDO), can be directly ob-
tained from glycerol hydrogenolysis via catalytic deoxygena-
tion [2].

A number of heterogeneous catalysts, ranging from normal
metal-based Cu [3-5] and Ni [6,7] catalysts to noble-metal-
based Ru [8-11], Rh, Pt, Pd, Ir, and Au [12-15] catalysts, have
been studied to check their catalytic abilities in the hydrogen-
olysis of glycerol to PDOs. The main challenge in the hydrogen-
olysis of glycerol is to control the branching ratio between
1,2-PDO and 1,3-PDO, which requires highly selective cleavage
of the primary or secondary hydroxyl groups in glycerol. Un-
doubtedly, the selectivity for the final product strongly depends
on the catalyst. Considerable research has therefore been con-
ducted to find effective catalytic systems that can discriminate
between, and selectively break, the two C-0 bonds of glycerol.
Because cleavage of the primary hydroxyl group is easier, for
steric reasons, significant advances have been made in achiev-
ing high-yield conversion of glycerol to 1,2-PDO using sup-
ported Cu, Ru, and Rh catalysts. The direct deoxygenation of
glycerol to the more valuable 1,3-PDO is more challenging be-
cause it suffers from very low yields. However, it has recently
been reported that Rh-/Pt-based catalysts combined with a
W-based cocatalyst or modifier provide a promising way of
transforming glycerol to 1,3-PDO [4,15-19]. Chaminand et al.
[4] reported the production of 1,3-PDO using a catalyst system
containing Rh/C and H2WO4. Shinmi et al. [16,17] demonstrat-
ed that the addition of a second metal (Re, Mo, or W) to Rh/SiO2
enhances conversion to 1,3-PDO in aqueous solutions. In par-
ticular, the formation of 1,3-PDO was significantly promoted by
modification of the catalyst with Re. Recently, the same authors
increased the 1,3-PDO selectivity to 65% using a Re-modified
Ir/SiO2 catalyst. They also proposed that a reported reaction
via a Re-based catalyst followed a similar mechanism [18,19].

Understanding the reaction mechanism is the first step in
the rational design of catalysts. Several mechanisms have been
proposed for glycerol hydrogenolysis reduction to propanedi-
ols. The widely accepted mechanism involves dehydration-
hydrogenation [4,5] or dehydrogenation-dehydration-hydro-
genation schemes [20,21]. In contrast, direct hydrogenolysis of
C-0 bonds has been postulated for Re-modified Rh and Ir cata-
lysts; this is strongly supported by experimental evidence
[16-18]. A common feature of these catalysts is the existence of
low-valent ReOx clusters directly bonded to the metal sites. It
has been proposed that one of the glycerol oxygen atom is ini-
tially anchored to a hydroxyl group on Re. The produced
alkoxide species acts as an acceptor in the following hydride
transfer, forming 1,2-PDO or 1,3-PDO. The branching ratio of
the products depends on which hydroxyl group of glycerol is
adsorbed and which one is cleaved. The Rh-ReOx and Ir-ReOx
interfaces would be the locations of the active sites [17].

Despite this growing body of experimental work, a systemic
understanding of the reaction mechanisms governing the rates
and selectivities of C-O bond scissions over these interesting
catalysts remains elusive. It is therefore essential to obtain a
detailed theoretical understanding of the reaction mechanisms.
Density functional theory (DFT) calculations have been exten-

sively used to gain fundamental insights into catalytic reaction
mechanisms, but only a few studies have been carried out to
clarify glycerol conversions to propanediols on metallic cata-
lysts at the fundamental level because of the complexity of the
reactions. So far, no generally accepted mechanism has been
reported in the literature [22-25]. Various dehydration mecha-
nisms of neutral and protonated glycerols were investigated by
Nimols et al. [22] using quantum mechanical calculations. It
was found that the addition of acids facilitates the loss of the
primary or central hydroxyl group via hydride transfer or sub-
stitution reaction mechanism. Coll et al. [24] represented the
thermodynamic profiles of the dehydration of glycerol at the
surfaces of Ni(111), Rh(111), and Pd(111) by DFT studies. The
dependence of the intermediate stability on the metal provides
a useful clue in designing new catalysts for selective 1,3-PDO
formation. Recently, Dumesic’s research group [25] combined
DFT calculations and experimental observations to examine the
hydrogenolysis of cyclic ethers and polyols on ReOx-doped no-
ble-metal catalysts. They confirmed the preferential formation
of an intermediate oxocarbenium cation through protonation of
acidic surface Re-OH groups, which ensures a high yield of
1,3-PDO.

In this study, we used theoretical DFT calculations to inves-
tigate glycerol hydrogenolysis to produce 1,2-PDO and 1,3-PDO
on supported Re203Hz-Rhs and Re203Hz-Ir4 clusters, with the
aim of identifying plausible reaction mechanisms and under-
standing the bifunctional role of ReOx-modified catalysts in this
process. Based on the extensive experiments carried out by
Tomishige’s group [16-18], the direct hydrogenolysis mecha-
nism for glycerol over Rh(Ir)-ReOx is examined in this work. To
the best of our knowledge, no systematic theoretical study of
the direct hydrogenolysis mechanism has been reported. In our
previous work [26], ZrOz was used to identify the origin of the
effect of the oxidic support on the reactivity of Cu-based cata-
lysts in glycerol hydrogenolysis; the use of a ZrO2z support gave
good selectivity for propanediols because of the optimum acid-
ity of this catalytic material [14]. For completeness, investiga-
tions on Rus and Rhs were included for comparison in the pre-
sent work. As a first step towards this goal, we identified possi-
ble reaction mechanisms on different catalysts from the ther-
modynamics point of view. The decisive role of ReOx in im-
proving the catalytic activity and 1,3-PDO selectivity with re-
spect to monometallic clusters was qualitatively addressed by
examining all the critical geometries and energetics of the cat-
alysts, adsorbates, and intermediates. Our findings provide a
preliminary understanding of the regioselectivity in the deox-
ygenation of biomass-derived feedstocks over bifunctional
catalysts in the presence of effective hydroxylated Re species.

2. Methods and models
2.1. Computational method

Plane-wave DFT calculations with the projector-augmented
wave method were carried out as implanted in the Vienna ab

initio simulation package (VASP) [27-30]. The generalized gra-
dient approximation with the Perdew-Wang exchange-correla-
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tion functional (GGA-PW91) was used [31]; this has been
shown to work well for surfaces. The kinetic energy cutoff for a
plane-wave basis set was 400 eV. We applied Monkhorst-Pack
mesh k-points [32] of (3 x 3 x 3) and (3 x 3 x 1) for bulk and
surface calculations, ensuring convergence of the whole sys-
tem. Structural optimization was based on the conjugate gra-
dient-minimization scheme, and spin-unrestricted calculations
were also performed. The convergence of energy and forces
were setto 1 x 10-4 eV and 0.3 eV/nm, respectively.

2.2. Surface models

To accommodate a metal cluster with small lateral interac-
tions between periodic images, all surface reactions were mod-
eled on a c(3 x 3) ZrO2(111) slab of thickness six atomic layers
(see Fig. 1(a) and (b)), and a vacuum layer of thickness 1.5 nm
to minimize electrostatic interactions between periodic images
in the direction of the surface normal; this is sufficient to rep-
resent the geometric relaxation of zirconia surfaces [33]. In all
simulations, the bottom three layers of the slab were held fixed
at the bulk ZrOz lattice position, while the remaining three up-
permost ZrO: layers, the monometallic and bimetallic clusters,
and the adsorbates for reactivity studies were allowed to relax.

Rus and Rhs clusters were chosen as the models supported
on ZrOz surfaces in this work, as these are the smallest
three-dimensional structures that provide both metal-metal
and metal-support interactions [34-37]. Similar cluster models
have been used for Rhs4 nanoparticles deposited on ZrOz and
CeOz2 supports, and shown to be able to capture the chemistry
of nanosized metal particles in catalytic reactions [36,37]. In
our previous work, we studied the selective hydrogenolysis of
glycerol on Cus clusters dispersed on ZrOz and MgO. To exam-
ine the effect of cluster size on the calculation results, a larger
model containing eight Cu atoms (Cus) was used. The calcula-
tion results indicated that Cus clusters exhibited adsorption
properties similar to those of Cus clusters [26]. To study the
effect of Re additives, Re203H2-Rhs and Rez03Hz2-Irs clusters
were constructed on the ZrO> surface. In the model structures,
one Re atom is adsorbed on the three-fold site of the metal
cluster and the other one is located on the Rh-Rh (Ir-Ir) bridg-
ing sites. This is in accordance with the extended X-ray absorp-
tion fine structure (EXAFS) characterization results, which
suggest that Re atoms tend to occupy the three-fold hollow site
on the metal (111) surface [17]. In addition, the two Re atoms

(@) (b)

are connected by one bridging oxygen atom, and each is bond-
ed with one terminal hydroxyl group (Fig. 1(c) and (d)). The
presence of Re-Rh (Re-Ir), Re-Re, and Re-OH bonds was con-
firmed by the Re L3-dege EXAFS spectra, and the computed
bond lengths were in good agreement with the corresponding
experimental values. According to this estimation, the average
valence of Re in the model structure is calculated to be +2.
Temperature-programmed reduction and EXAFS analysis also
revealed that the Re was present as Re7+ on the calcined cata-
lyst, whereas reductive pretreatment reduced Re to an oxida-
tion state of Re2* to Rez5+ [17].

In this work, we calculated the adsorption energies using
the equation Eadss = E(surface + adsorbate) - E(surface) -
E(adsorbate), where E(surface + adsorbate), E(surface), and
E(adsorbate) denote the calculated electronic energies of the
optimized adsorption configurations, the bare surface, and a
free molecule, respectively. With this definition, a negative Eads
value implies that adsorption of molecules is thermodynami-
cally favorable. The energy reference for each step is the clean
slab plus the gas-phase energies of the reactants.

3. Results and discussion

3.1. Surfaces of Rus/Zr02(111)-(3 x 3), Rha/Zr02(111)-(3 x 3),
Re203H2-Rh4/Zr02(111)-(3 x 3), and Rez203H2-Ir4/Zr02(111)-(3 x
3)

The optimized structures modeling the Ru and Rh tetramers
(Rus and Rh4) anchored on the ZrOz(111) surface are shown in
Fig. 1. For both tetramers, their minimum-energy geometries
show planar structures instead of tetrahedral configurations,
similar to gas-phase cases. We therefore take only planar ge-
ometries as the initial geometries in the discussion below. The
equilibrium geometries of Rhs and Rua clusters are distorted
slightly after deposition on the ZrO: substrate. These clusters
interact with the surface through all four metal atoms simulta-
neously, because it is possible to retain the Rh-Rh or Ru-Ru
bonds. The same situation exists for Cu tetramers aggregated
on ZrOz(111) and MgO(100) surfaces; see our previous work
[26]. In the Rus/Zr02(111)-(3 x 3) model structure (Fig. 1(a)),
four Ru-O bonds are formed on adsorption, with an average
length of 0.199 nm. In addition, three Ru-Zr bonds are formed,
with an average distance of 0.281 nm. For the Rhs structure
(Fig. 1(b)), the cluster-surface bonding scheme is slightly dif-

(©) (d)

Fig. 1. Side views of optimized Rus supported on ZrOz(111) surface in rhombic structure (a), Rhs supported on ZrOz(111) surface in rhombic struc-
ture (b), Re20sHz-modified Rhs cluster supported on Zr0z(111) surface (c), and Re203Hz-modified Ir4 cluster supported on Zr0z(111) surface (d).
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ferent. On relaxation, the structure is distorted to a bent rhom-
bus, in which Rh atoms are alternately placed close to and away
from the surface atoms. The shortest Rh-Zr and Rh-O bond
distances are 0.261 and 0.201 nm, respectively.

The adsorption structures of Re203Hz-modified Rh4 and Ira
clusters on the ZrO2 surface are illustrated in Fig. 1(c) and (d).
The Rhs and Ir4 clusters both maintain a planar frame on the
ZrO2 surface. The adsorbed Rh atom binds to the supporting
lattice oxygen atoms, and the average Rh-O distance is 0.209
nm. In addition, two Re atoms are directly bonded to the
bridging sites of Rhz, with Rh-Re and Re-Re distances of 0.234
and 0.246 nm, respectively. In the case of the relaxed
Re203H2-Ir4/Zr02(111)-(3 x 3) structure, the Irs cluster devi-
ates only slightly from planarity. The average Ir-Ir and Ir-Re
distances are 0.274 and 0.240 nm, respectively. For both sys-
tems, the predicted bond distances are consistent with the
measured values obtained in EXAFS experiments [17]. This
provides further evidence to support our model construction.

3.2.  Hydrogenolysis of glycerol on Rus/Zr02(111) surface: DFT
studies

Scheme 1 shows the metal-catalyzed dehydra-
tion-hydrogenation routes that were observed over Cu-based
and Ru-based catalysts under acidic conditions, leading to dif-
ferent products [4,5]. The branching ratio to produce 1,2-PDO
and 1,3-PDO is highly dependent on which C-O bond dehy-
drated first. Primary C-0 bond cleavage leads to formation of a
2,3-enol and then an acetol. Hydrogenation of the acetol gives
1,2-PDO. The formation of 1,3-PDO proceeds via
3-hydroxypropanal as an intermediate, which is formed after
initial elimination of the secondary alcohol group of glycerol.

We first examined the adsorption geometries of hydrogen
and glycerol on the Rus/ZrO2 surface. It is well known that the
dissociative adsorption of hydrogen on transition-metal sur-
faces is the first elementary step in a catalytic hydrogenation
reaction. It has been found that reaction paths leading to disso-
ciation of Hz on metal surfaces proceed without or with very
low barriers [38,39]. Accordingly, the initial structures of hy-
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Scheme 1. Dehydration-hydrogenation reaction pathways (I and II) in
glycerol hydrogenolysis to form propanediols.

drogen on the metal surface were assumed to be dissociated
hydrogen atoms in this work. Similar modeling approaches
have been successfully applied to various hydrogenation reac-
tions on metal clusters or metal surfaces [40,41]. It should be
noted that the adsorption configurations of glycerol on catalyst
surfaces modify the final products; see Ref. [26] for details. If
only the middle oxygen atom of the glycerol is linked to surface
atoms, the final product is 1,2-PDO. In contrast, 1,3-PDO is ob-
tained when two oxygen atoms are bonded with the catalyst.
We therefore consider both plausible adsorption configura-
tions as the starting conditions in the current work; see 2a and
2a’ in Fig. 2. On structural relaxation, the adsorption of reactant
2a is energetically favorable, with a calculated adsorption en-
ergy of -2.41 eV. The glycerol molecule is anchored to the top
site of the Ru cluster through the O(2) atom of the middle hy-
droxyl group. The distance between Ru and 0(2) is 0.229 nm.
The adsorbed atomic hydrogen preferentially occupies the
bridging Ru-Ru sites. This is a result of the lateral interactions
between hydrogen atoms and the adsorbed glycerol on the Rus
cluster, suggesting that hydrogen atoms could move away from
the stable three-fold site towards the bridging site. Preferential
adsorption of hydrogen at the bridging site has also been ob-
served theoretically using other metal surfaces or metal parti-
cles [40,41]. The formation of 2a’ is less favorable because it is
located around 0.087 eV higher than 2a. The primary hydroxyl
0(1) atom sits on the top site of the Ru cluster and the second-
ary hydroxyl O(2) atom is positioned on the top site of Zr. The
Ru-0(1) and Zr-0(2) bond lengths are 0.233 and 0.251 nm,
respectively.

We next optimized the adsorption intermediates involved in
the 1,2-PDO pathway, as shown in Fig. 2. In the first step, the

2d 2e

HE)

c(D)
c(2)
HE o(1) o)
o(1)
——— et Tl el

Fig. 2. Structures of intermediates for glycerol hydrogenolysis to 1,2-PDO (2a-2e) and 1,3-PDO (2a’-2e’) on Rus/Zr02(111) surface.
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propene-2,3-enol intermediate 2b is formed via dehydration of
the primary C(3)-0(3) bond and central C(2)-H bond. The
secondary O(2) atom is pointing towards a Ru atom at a
Ru-0(2) distance of 0.245 nm. The released water molecule
prefers to sit on the top site of a lattice Zr, with a Zr-0(3) length
of 0.232 nm. This step is modestly endothermic, by 0.43 eV. The
2,3-enol species can be further rearranged to the acetol inter-
mediate 2¢, corresponding to the migration of the H(2) atom in
2b to the C(3) fragment in 2c. The surface adsorption of 2¢
takes place on the top site of the Ru cluster through the keto
0(2), which evolves a negative reaction energy of 1.05 eV. Then
a H atom, H(3), adsorbed across the Ruz bridging site can com-
bine with O(2) in 2c to produce a semi-hydrogenated interme-
diate 2d. The partially reduced intermediate adopts the
bridged Ruz geometry via its central 0(2)-C(2) bond in an ex-
ergonic process (AE = -0.26 eV). The Ru-C(2) and Ru-0(2)
bond lengths are 0.208 and 0.209 nm, respectively. In the last
step, the Ru-C(2) bond is broken when the second H(4) atom
moves towards the under-coordinated C(2) atom in 2d, yield-
ing an adsorbed 1,2-PDO species 2e. The O(2) atom interacts
with the metal cluster. The optimized Ru-0(2) distance is 0.235
nm. However, this step is heavily endothermic, with a reaction
energy of 1.15 eV.

The first step on the path of 1,3-PDO formation converts 2a’
to the propene-1,3-enol intermediate 2b’ through breaking of
the central C(2)-0(2) bond. During this reaction step, the
Ru-0(1) bond is elongated (dru-o = 0.292 nm), and the hydro-
gen bond between the 0O(3) atom of the 1,3-enol and the
neighboring 0(2)-H(2) group of the released water decreases
to 0.165 nm. These results suggest an endothermic reaction of
the 1,3-enol species, in agreement with the calculated reaction
energy of 0.20 eV. The next step, the isomerization of the
1,3-enol intermediate to the adsorbed 3-hydroxypropanal spe-
cies, is exothermic by -0.78 eV. A shift of H(1) occurs from O(1)
in 2b’ to the C(2) atom in 2¢’, involving coordination of the
carbonyl O(1) atom on the Ru cluster, which has a Ru-0(1)
distance of 0.217 nm. In the subsequent step, coupling of one
dissociated H(3) atom with the aldehyde O(1) atom to form an
energetically favorable 2d’ species, Ru-C(1) and Ru-0(1)
bonds are created with distances of 0.207 and 0.213 nm, re-
spectively. This step has a reaction heat of -0.15 eV. In the final
step, the second atomic H(4) attacks the unsaturated C(1) atom
in 2d’ to give the adsorbed 1,3-PDO (2e’); the primary O(1)
atom interacts closely with the Ru atom. This process is ener-
getically difficult because of the positive reaction heat of 0.79
eV.

As illustrated in the potential energy profiles of these routes
(Fig. 3), the relative stabilities of the primary C-0 bond scission
intermediates (2a, 2¢, and 2d) are higher than the corre-
sponding values for secondary C-O hydrogenolysis (2a’, 2c’,
and 2d"). The energy difference reaches to 0.24 eV. The inter-
mediate energies of 2b and 2e in the 1,2-PDO formation stage
are comparable to those in the 1,3-PDO formation stage (2b’
and 2e’), with the energy difference being as small as 0.13 eV.
Quantum mechanical calculations on the dehydration of neutral
glycerol showed that the loss of a hydroxyl group from the ter-
minal or central carbon, forming a propene-2,3-enol or pro-
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00 - OO0
0 —=— 1,2-PDO/Ru,-Zr0,
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—-— 1,3-PDO/Rh,-ZrO,
—e— 1,2-PDO/CU,Zr0; 1,3-PDO
-1.0 - 1,3-PDO/CuZr0,  ja
/2-PDO
3
= -15¢
>
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2.0+
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-35

Fig. 3. Reaction profiles for glycerol hydrogenolysis on Rus/Zr02(111)
and Rh4/Zr02(111) surfaces. The zero energy is taken as the sum of the
energies of M4/Zr02(111), gas-phase glycerol, and gas-phase hydrogen.
The energy diagram for glycerol hydrogenolysis on Cus/Zr0O2(111)
reported in previous work is also shown for comparison.

pene-1,3-enol intermediate, have nearly equal energy barriers.
However, in the subsequent keto-enol tautomerization, genera-
tion of hydroxyl acetone was more favorable than
3-hydroxypropanal formation [22]; this is in good agreement
with our findings. Overall, 1,2-PDO is the thermodynamically
preferred product and is favored under thermodynamic con-
trol. This might explain why on Ru catalysts the major product
is 1,2-PDO.

3.3.  Hydrogenolysis of glycerol on Rh4/Zr02(111) surface: DFT
studies

For comparison, we discuss the catalytic hydrogenolysis of
glycerol on Rha/ZrOz surfaces. As illustrated in Fig. 4, the
structures of the intermediates in the two routes to 1,2-PDO
(4a-4€) and 1,3-PDO (4a'-4e€') over Rha/ZrO2 are very similar
to those of the corresponding stationary points over the
Rus/ZrO2 surface. The major difference between them is that
one metal-0 bond disappears for the final product, 1,3-PDO, on
Rhs/ZrO2. In 4€’, the strong attraction between the primary
hydroxyl O(1) and the water H(2) atom causes movement of
the O(1) atom away from the Rh atom.

The calculated energy diagrams of the two reaction path-
ways over Rhs/ZrO: are presented in Fig. 3. For both the
1,2-PDO and 1,3-PDO routes, many key species, such as reac-
tants (4a and 4a’), products (4e and 4e’), and some intermedi-
ates (4b and 4b’, 4c and 4c'), are comparable energetically.
However, the relative stability of the product after hydrogen
transfer (4d) in the 1,2-PDO formation stage is much higher
than that of the corresponding product 4d’ in the 1,3-PDO for-
mation stage. The energy difference reaches 0.23 eV. Such a
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Fig. 4. Structures of intermediates for glycerol hydrogenolysis to 1,2-PDO (4a-4e) and 1,3-PDO (4a’-4e") on Rhs4/Zr02(111) surface.

difference can be explained by the formation of a hydrogen
bond, 0(3)-H:--0(2), in 4d. 1,2-PDO is therefore favored under
thermodynamic control. This finding is in line with the results
on the Rus/ZrO: catalyst; see the previous section. It is also
worthwhile comparing the performance of the current
Rha/ZrO2 catalyst with that of the Cus/ZrO: catalyst studied
previously [26]. It is interesting to find that the 1,2-PDO path is
even more easily accessible than the 1,3-PDO path for
Cus/ZrO2. Note that the intermediate (acetol species) in such a
case is very stable thermodynamically, being 0.39 eV lower in
energy than 3-hydroxypropanal. We therefore suggest that
excellent 1,2-PDO selectivity can be achieved on Cu catalysts.
These findings are consistent with the experimental observa-
tions, which show that Cu catalysts have superior performance
in terms of selectivity for 1,2-PDO. This also explains why other
d9-metal-based catalysts (Ag) give nearly 100% selectivity for
1,2-PDO [42]. However, when noble metals (Ru, Rh) are in-
volved, the selectivity decreases abruptly. The reason is that
the high activity easily leads to cleavage of both C-C and C-0
bonds.

As shown in Fig. 3, the relative stabilities of the intermedi-
ates are strongly dependent on the choice of transition-metal
clusters, which could exert a large influence on the reaction
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reactivity. The chemisorption energies of dehydrated and hy-
drogenated intermediates on Rus/ZrO; (2a-2e) are much low-
er than those on Rhs/Zr0; (4a-4e). The difference is up to 0.36
eV, which suggests that Ru is more active than Rh for the hy-
drogenolysis of glycerol from the thermodynamics viewpoint.
In addition, the binding energies of the structures on Cu are
significantly higher than those of structures on Ru and Rh, in-
dicating that Cu is the least active catalyst for the hydrogenoly-
sis of glycerol. The reaction capabilities of the Ru-, Rh-, and
Cu-based catalysts can be resolved by considering the density
of states (DOS) around the Fermi level, as reported in Wang’s
work [43]. The Rh and Ru surfaces, which show a much delo-
calized DOS distribution near the Fermi level, can be regarded
as more active catalysts for reactions. The Cu surface, in con-
trast, showing a more localized DOS distribution, is less active.

3.4. Hydrogenolysis of glycerol on Re203Hz2-Rhs/Zr0O2(111): DFT
studies

Scheme 2 shows model schemes for glycerol hydrogenolysis
to 1,3-PDO and 1,2-PDO over Rez03H2-Rhs/Zr0O: and
Re203H2-Ir4/Zr02 surfaces. The branching ratio to produce
1,2-PDO and 1,3-PDO is highly dependent on which hydroxyl
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Scheme 2. Proposed mechanism for ReOs-enhanced glycerol conversion and 1,3-PDO selectivity.
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group is adsorbed first on the surface of the ReOx cluster, and
which one is cleaved in the subsequent hydride transfer step.
When the primary CH20H group of glycerol is adsorbed on the
ReOx cluster, the formation of 2,3-dihydroxypropoxide (A) is
achieved. Next, the middle C-O bond is broken by nucleophilic
attack of hydrogen on the 2-position hydroxyl group of
2,3-dihydroxypropoxide to produce 3-hydroxypropoxide. Hy-
drolysis of 3-hydroxypropoxide releases the product, 1,3-PDO.
In contrast, 1,2-PDO can be produced when glycerol is ad-
sorbed at the middle C-OH bond to form 1,3-dihydroxyiso-
propoxide (B). The attack of the hydrogen atom at the
1-position of the C-0 bond neighboring the C-ORe site gives
1-hydroxyisopropoxide. Hydrolysis of 1-hydroxyisopropoxide
releases the product, 1,2-PDO.

As the initial state for 1,2-PDO formation over the
Re203H2-Rha4 catalyst, we propose that glycerol is adsorbed on
the Re203Hz-Rha cluster to give two hydrogen-bonded configu-
rations (Fig. 5, 5a). The first is characterized by binding be-
tween the O(2) atom and the top of the terminal Re-0(4)H(4),
and the second configuration shows that the hydroxyl group
0(1)-H(1) is pointing towards the bridging O(5) atom of the
bimetallic cluster. The 0(2)--H(4) and O(5)---H(1) distances
are calculated to be 0.198 and 0.205 nm, respectively. The hy-
drogen atoms H(5) and H(6) lie on the bridging Rh-Rh and
Rh-Re sites. The reaction is exothermic by -1.69 eV. In the
subsequent step, dehydration occurs through 0(2)-H(2) bond
scission at the 2-position of glycerol and Re-0(4) bond cleav-
age of the modified cluster, leading to the formation of
1,3-dihydroxyisopropoxide species 5b. Both the 0(2) and O(3)
atoms are adsorbed above the Re atom in a five-membered ring
structure. The Re-0O bond distances are 0.197 and 0.227 nm.
Concurrently, hydrogen bonding is observed for the 0(3)-H(3)
group of 1,3-dihydroxyisopropoxide interacting with the re-
leased water O(4) atom located at the top site of the substrate
surface. The reaction energy of this step is -0.048 eV. Next, the
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H(5) atom activated on the Rh-Rh site attacks the O(3) atom of
1,3-dihydroxyisopropoxide to produce 2-oxetanemethanol 5c,
leading to breaking of the C(3)-0(3) bond and formation of a
Re-C(3) bond arranged in a four-membered ring geometry. The
optimized Re-C(3) and Re-0(2) bond lengths are 0.214 and
0.199 nm, respectively. The length of the newly formed
Rh-0(3) bond is 0.229 nm and the reaction heat for
2-oxetanemethanol formation is -0.57 eV. Subsequently, the
surface H(6) atom moves close to the under-coordinated C(3)
atom in 5¢, giving rise to formation of 1-hydroxyisopropoxide
5d, which is bound to the metal cluster via the Re-0(2) bond,
with an energy gain of 0.043 eV. Finally, preferential hydrolysis
of 1-hydroxyisopropoxide by the newly formed water molecule
occurs. This leads to 1,2-PDO formation and the Re203H2-Rhs
recovers its initial state (5e). In this stable configuration, a hy-
drogen bond is formed between the O(2) atom in the secondary
hydroxyl of 1,2-PDO and a neighboring hydrogen atom at the
Re-Rh cluster. This step is calculated to be endothermic by 0.36
eV.

At the beginning of the process of 1,3-PDO formation over
the Re203H2-Rh4 model system, the glycerol is located at the top
of the cluster in a hydrogen-bond-like mode (5a’), in which the
0(1) end of glycerol reacts with a vicinal hydrogen atom from
Re-0(4)H(4). For the dissociated hydrogens, one hydrogen
atom, H(5), favors the bridging site of Rh-Rh, and the preferred
adsorption site of another H(6) atom is the Rh-Re bridging site.
The reaction energy of this step is -1.57 eV. This is followed by
a condensation reaction between the O(1)-H(1) group of glyc-
erol and a neighboring Re-0(4)H(4), leading to the formation
of the 2,3-dihydroxypropoxide intermediate 5b’. The O(1) and
0(2) atoms both bind to the Re atom, with Re-0O distances of
0.202 and 0.223 nm, respectively. This step is slightly endo-
thermic, by 0.091 eV. In the next step, H(5) moves from the Rh2
bridging site to the O(2) atom of 2,3-dihydroxypropoxide. This
results in cleavage of the C(2)-0(2) bond and formation of the
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Fig. 5. Structures of intermediates for glycerol hydrogenolysis to 1,2-PDO (5a-5e) and 1,3-PDO (5a’-5e") on Re203H2-Rh4/Zr0(111) surface.
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3-oxetanemethanol intermediate 5¢’, which easily binds to the
Re atom through Re-C(2) (0.218 nm) and Re-0(1) (0.200 nm)
bonds. The newly formed water molecule binds to a Rh atom
with a Rh-0(2) bond length of 0.225 nm. This step exhibits a
reaction heat as high as -0.50 eV. Next, the insertion of another
H(6) atom at the unsaturated C(2) atom in 5¢’ competes for the
3-hydroxypropoxide species 5d’, which stays at the top site of
Re, with an Re-0(1) bond length of 0.199 nm. A hydrogen bond
(0.147 nm) originating from interaction of the alkoxide O(1)
atom with the 0(4)-H(4) group of water is observed. This pro-
cess is expected to be exothermic by -0.035 eV. The Re-0(1)
bond is dissociated when the water molecule binding at the Rh
site moves towards the Re atom, yielding an adsorbed 1,3-PDO
species 5e’. The primary O(1) atom of the 1,3-PDO species pre-
fers to point to the terminal Re-O(4)H(4) of the bimetallic
cluster, forming a hydrogen-bond-like structure with an
0(1)---H(4) length of 0.175 nm. Our calculations give a positive
reaction energy of 0.44 eV associated with this process.

From the results of the DFT-calculated energies in Fig. 6, we
can conclude that the catalyst exhibits a slight preference for
adsorption of the intermediates responsible for 1,2-PDO for-
mation. This is in agreement with the experimental selectivity,
since 1,2-PDO remains the major product on Re203H2-Rh/SiO>.
However, it is interesting to note that each stationary point on
the 1,3-PDO route is only a little higher in energy than the
counterpart on the 1,2-PDO route. For example, the adsorbed
3-oxetanemethanol 5¢’, which leads to 1,3-PDO, is 0.14 eV en-
ergetically less stable than 2-oxetanemethanol 5¢, which yields
1,2-PDO. The binding energies differ slightly along the 1,2-PDO
and 1,3-PDO pathways for other key species such as the reac-
tants (5a and 5a") and alkoxide species (5b and 5b’, 5d and
5d’), with the value being as small as 0.065 eV, indicating that
the formation of 1,3-PDO is competitive with the formation of
1,2-PDO from a thermodynamics viewpoint. The stability order
of the precursors might explain why a small fraction of 1,3-PDO
is obtained experimentally on the Re-modified Rh catalyst.
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Fig. 6. Reaction profiles for glycerol hydrogenolysis on

Re203H2-Rh4/Zr02(111) and Re203Hz-Irs/Zr02(111). The zero energy is
taken as the sum of the energies of Re;03Hz2-M4/Zr02(111), gas-phase
glycerol, and gas-phase hydrogen.

3.5.  Hydrogenolysis of glycerol on Re203Hz-Ir4+/Zr02(111): DFT
studies

The most favorable structures of the intermediates for glyc-
erol hydrogenolysis over Re203Hz-Ir4/ZrO: are depicted in Fig.
7. One can clearly see that most of the optimized geometries of
the intermediates are very close to the corresponding station-
ary points on the ReOx-Rh/ZrO: surface. The major difference
between them lies in the locations of the H(5) and H(6) atoms
in the starting structures. The top of the Ir cluster is found to be
the most favorable binding site for breaking H(5) and H(6)
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Fig. 7. Structures of intermediates for glycerol hydrogenoly51s to 1,2-PDO (7a-7e) and 1,3-PDO (7a’-7e’) on Re203Hz-Ir4/Zr02(111) surface
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atoms for 7a, whereas the Rh-Rh and Rh-Re bridging sites are
preferred for 5a.

Figure 6 gives the energetics associated with these two
routes on the Re-modified Ir catalyst. It can immediately be
seen that the adsorbed intermediates responsible for 1,3-PDO
formation (7a’, 7b’, and 7c’) are more stable than the corre-
sponding isomers responsible for 1,2-PDO (7a, 7b, and 7c). The
adsorbed 2,3-dihydroxypropoxide 7b’, for example, is 0.29 eV
lower in energy than the adsorbed 1,3-dihydroxyisopropoxide
7b. Such a difference can be rationalized by the creation of a
new Ir-O(4) bond in 7b’. In addition, the adsorbed
3-oxetanemethanol 7¢’ is 0.27 eV more stable than the ad-
sorbed 2-oxetanemethanol 7c. The extra stability of 7¢’ could
be caused by the formation of a hydrogen bond,
0(4)-H(4)---0(1). In the absence of activation energy barriers,
or under equilibrium conditions, these increased stabilities of
the 1,3-PDO intermediates would ensure higher surface cover-
age by 1,3-PDO. Such a conclusion agrees well with the experi-
mental results obtained by Nakagawa and coworkers [18],
which showed that the selectivity for 1,3-PDO is greatly en-
hanced when the catalyst is changed from Re-modified Rh to
Re-modified Ir, as reflected in the 1,3-PDO to 1,2-PDO ratio.

Clearly, a steric effect for preferential terminal alkoxide
formation is induced by the large atomic radius of Ir, which
may be the key to the high 1,3-PDO selectivity on Re-doped Ir
catalysts. Glycerol has two coordination modes when it is ad-
sorbed on Re species. The 2,3-dihydroxypropoxide intermedi-
ate resulting from condensation between the primary hydroxyl
group and the Rez03Hz-Irs4 cluster is stable, whereas the
1,3-dihydroxyisopropoxide intermediate requires a large ad-
sorption cross-section. The same behavior has been reported in
the esterification of Nb- or V-substituted polyoxotungstates
with alcohols. Steric crowding resulting from the introduction
of a secondary carbon center at the bridging oxygen site was
observed in the presence of secondary alcohols but was absent
in the case of methanol [44,45]. In contrast to the kinetically
favorable formation of 1,3-PDO on Re203Hz-Irs4, the growth of
Rh-Re clusters on the Re-modified Rh catalyst is not large
enough to induce a significant difference between the stabilities
of the terminal metal alkoxide species and the secondary
alkoxides species. In other words, elimination of the primary
hydroxyl group to form 1,2-PDO competes with deoxygenation
of the secondary hydroxyl group to form 1,3-PDO.

As shown in Fig. 6, the calculated adsorption energies of the
intermediates for 1,3-PDO formation on Rez03H2-Rh4/ZrO:
(5a’-5e") are stronger than those of 7a’-7e’' on Re203H2-Ir4/
Zr0O2. The energy difference is up to 0.78 eV; accordingly, the
overall reactivity of the conversion of glycerol on Rh-Re is
much higher than that on Ir-Re. The observed stabilities of the
alkoxide structures might be attributable to the acidities of the
hydroxylated Re species on the Rh-Re and Ir-Re catalysts, be-
cause Re-OH ligands are critical for the formation of metal
alkoxides. The hydroxylated Re species on the Re203Hz-Rh
cluster have deprotonation energies of 3.4 eV, compared with a
value of 3.9 eV for the Re203Hz-Ir4 cluster. It is therefore evi-
dent that the DFT-predicted acidities of the hydroxylated Re
species on Rh-Re are significantly stronger than those for Ir-Re,

consistent with the stronger adsorption of alkoxide intermedi-
ates observed for glycerol over Re203H2-Rha.

Experimental observations for glycerol hydrogenolysis on
Re-modified catalysts showed that the catalytic activities, com-
pared with those of monometallic catalysts, were greatly en-
hanced by the addition of Re [17]. The higher activity of the
Rh-Re system is consistent with the premise that a direct hy-
drogenolysis mechanism would be displayed as a result of Re
modification, whereas monometallic Rh is only capable of facil-
itating indirect hydrogenolysis. It has been suggested that the
formation of terminal alkoxide species is essential for the selec-
tive hydrogenolysis of glycerol to 1,3-PDO. The development of
novel catalysts to stabilize the adsorption states of terminal
alkoxide intermediates is desirable for achieving high yields of
1,3-PDO.

4. Conclusions

Periodic DFT calculations with the GGA-PW91 functional
were used to study the thermochemistry of the elementary
steps for glycerol hydrogenolysis on ZrOz-supported Rus, Rhy,
Re203H2-Rhs, and Re203Hz-Ir4 catalysts. The decisive role of
ReOyx present in the Re-modified Rh and Ir bifunctional cata-
lysts in modifying the activity and 1,3-PDO selectivity during
glycerol hydrogenolysis was illustrated.

The DFT results suggest that the decomposition pathways
on Rus/ZrO2 and Rha/ZrOz may proceed through a dehydra-
tion-hydrogenation mechanism. The primary or secondary C-O
bond of glycerol is initially dehydrated, followed by hydrogena-
tion to give 1,2-PDO or 1,3-PDO. For the two reaction routes
considered here, facial formation of 1,2-PDO was observed as a
result of the stronger binding of acetol isomers compared with
3-hydroxypropanal. Compared with those of Cu catalysts, the
activity towards 1,2-PDO can be greatly enhanced by using Ru
and Rh catalysts, although the selectivity becomes lower.

A direct hydrogenolysis mechanism is proposed on the
Re-modified Rh and Ir catalysts. The primary or secondary
oxygen atom of glycerol is initially anchored to hydroxylated Re
species. This gives an alkoxide, and then hydride transfer takes
place to form 1,2-PDO or 1,3-PDO. In the case of a
Re203H2-doped Rh catalyst, the growth of Rh-Re clusters is not
sufficiently large to induce significant differences between the
stabilities of the terminal alkoxide and secondary alkoxides
species. Consequently, deoxygenation of the secondary C-O
bond to form 1,3-PDO becomes competitive with elimination of
the primary hydroxyl group to form 1,2-PDO. The 1,3-PDO se-
lectivity is further improved by using Re-promoted Ir/ZrOz, as
a result of the large atomic radius of Ir. Binding of the terminal
alkoxide on the surface is much stronger than that of its sec-
ondary alkoxide counterpart. It turns out that the formation of
sterically preferred terminal alkoxide species may be the key to
the high 1,3-PDO selectivity on the modified catalysts com-
pared with the case of indirect hydrogenolysis on monometallic
catalysts.

As the first step towards understanding the performance of
Re-modified bifunctional catalysts, we performed a detailed
thermochemical analysis of the reaction mechanisms. Although
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promoting the activity and 1,3-propanediol selectivity, compared with

monometallic clusters, is highlighted.
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the results of this approach are rather preliminary, our findings
here are consistent with previous experimental observations.
We believe that the mechanistic insights from this work are
reasonable and will motivate further theoretical and experi-
mental studies on the selective hydrogenolysis of glycerol. A
more accurate understanding of this issue requires an explicit
kinetic analysis of activation energy barriers, transition states,
and even the computational accuracy (using large metal nano-
particles and the inclusion of a solvent effect in the model).
Such a kinetic analysis is a great challenge because of the sys-
tem complexity, the uncertainty associated with multiple com-
ponents, and the various reaction mechanisms. This will be the
subject of future research.
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