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Copper catalysts supported on metal oxides display unique efficiency and selectivity in catalyzing glycerol hydrogenolysis to
propanediols. Understanding the reaction at the molecular level is the key to rational design of better catalysts for propanediol
synthesis, which is one of the major challenges for glycerol application in energy. In this work, extensive calculations based on
periodic density functional theory were carried out to study thermodynamics of glycerol hydrogenolysis over binary model
catalysts, including Cu/ZrO, and Cu/MgO, with the focus to elucidate the competitive reaction pathways to produce the
1,2-propanediol (1,2-PDO) and 1,3-propanediol (1,3-PDO). Our results suggest that the reaction starts with glycerol dehydra-
tion on the metal oxide, followed by sequential hydrogenation over metal centers. Based on our explorations on the stabilities
of adsorbed reactants, dehydrated intermediates and hydrogenated species along the reaction channels, the DFT calculations
show that the 1,2-PDO formation will dominate in comparison to the 1,3-PDO from thermodynamic viewpoint. This is con-
sistent with our experiments where the Cu catalysts seem to give the 1,2-PDO as a main product. The calculations and experi-
ments also indicate that the Cu/MgO exhibits superior activities than Cu/ZrO, for the hydrogenolysis of glycerol molecules.

density functional calculations, glycerol hydrogenolysis, propanediols, copper-based catalysts, mechanism

1 Introduction

Catalytic conversion of renewable feedstock and chemicals
is attracting considerable interest in terms of green chemis-
try. Glycerol has been regarded as one of the top-12 build-
ing block chemicals that can be derived from sugar and
converted to high value-added bio-based chemicals or ma-
terials [1]. In addition, it is the main by-product in the bio-
diesel production by transesterification of vegetable oils and
animal fats [2]. Therefore, using the growing supply of
glycerol is a highly profiting step in moving toward a more
sustainable economy.

Until now, a great deal of effort has been put toward the
utilization of glycerol. One of the attractive outlets of glyc-
erol is to produce glycols, especially propanediols, by an

*Corresponding author (email: muxd @qibebt.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2013

alternative route involving selective hydrogenolysis of
glycerol. Various catalysts have been extensively attempted
for this reaction. A bifunctional system was typically used
which was composed of acid or base support and hydro-
genation catalyst such as Cu, Ni, Ru, Rh and Pt [3-10]. The
composition of metals and the nature of the oxidic supports
were found to influence the ability of the catalysts to both
activate the glycerol substrate and selectively convert it to
propanediol. The copper-based catalysts were found to ex-
hibit superior performance in the hydrogenolysis reaction
due to their high efficiency for C-O bond cleavage and poor
activity for C-C bond breaking [11]. The predominant
product in most cases was 1,2-propanediol (1,2-PDO),
whereas the production of 1,3-propanediol (1,3-PDO) was
much lower. Under acidic conditions, the conversion of
glycerol was found to be linearly correlated to the number
of acid sites on the solid acid [12].The use of ZrO, support
exhibits good selectivity to propanediols than the more-
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acidic oxidic supports due to the optimum acidity of this
catalytic material. Increased acidity improves activity, but
results in poor selectivity due to excessive hydrogenolysis
of 1,2-PDO to propanols. Choosing solid base as a compo-
nent of metal catalyst would be an alternative of the solid
acid support. In previous work, it was reported that the al-
kaline support MgO showed the predominant activity and
higher 1,2-PDO selectivity than that of solid acids (Al,O;
and zeolites) in Pt-catalyzed hydrogenolysis of glycerol [13].
More recently, it was found that MgO supported copper is
also an efficient catalyst for glycerol hydrogenolysis with
extraordinary selectivity (97.6%) of 1,2-PDO [6]. In the
present work, ZrO, and MgO have been selected with the
efforts to understand the origin of oxidic support effects on
the reactivity of the copper-based catalyst in glycerol hy-
drogenolysis.

Previous experimental research suggested that the
mechanism of glycerol hydrogenolysis to propanediols var-
ied in different reaction media. In acidic conditions, conver-
sion of glycerol proceeds by combination of dehydration of
glycerol to acetol (pathway I) /3-hydroxypropanal (pathway
II) over acid active sites and consecutive hydrogenation
over metal particles (Scheme 1) [3, 5, 8, 10, 14]. This
mechanism was supported by identification of acetol in the
reaction mixture of glycerol and sugar [15, 16]. According
to the above mechanism, the solid acidic support plays a
major role in this reaction. Another mechanism proposed by
Montassier [17, 18] involves dehydrogenation of glycerol to
glyceraldehyde followed by dehydration to 2-hydroxy-
acrolein and subsequent hydrogenation to 1,2-propanediol
with a Ru/C catalyst under neutral/slightly basic aqueous
solutions (pathway III, Scheme 1). Thus, the selective con-
version of glycerol to propanediols is known as a bifunc-
tional reaction which requires catalysts both for dehydration
and for hydrogenation functionality.

While the experimental studies have provided some in-
sights into the reaction pathways, the molecular under-
standing of the catalytic mechanisms is essential. Theoreti-
cal modelling has already proven to be a useful comple-
mentary tool to experiments for a better interpretation into
the fundamental processes during chemical transformations
[19-22]. Up to now, most recent studies have focused on
the adsorption and reactivity of glycerol over pure metallic
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surfaces. The decomposition pathways of glycerol on Pt
(111) and Rh (111) surfaces via dehydrogenation or C—-C
bond scission have been examined with periodic density
functional theory (DFT) calculations and the most likely
reaction pathways for conversion of glycerol to synthesis
gas were established [23-25]. Coll ef al presented the
thermodynamic profiles regarding the adsorption of glycerol
and its dehydration intermediates at the surfaces of Ni (111),
Rh (111) and Pd (111) from first principles calculations to
identify the key points that control the selectivity of the hy-
drogenolysis reaction [26]. Likewise, the elementary reac-
tions for glycerol conversion into 1,2-PDO catalyzed by Rh
(111) surface were calculated in the framework of DFT ap-
proach, which pointed out that dehydrogenation of glycerol
into glyceraldehyde was the first step for the glycerol trans-
formation on the Rh/C catalyst in basic media [25, 27].

However, to the best of our knowledge, the reaction
mechanism of glycerol hydrogenolysis over supported metal
catalysts has never been investigated from a theoretical
point of view and the role of oxidic support remains elusive.
Herein, in this study, we report on a DFT study on the key
steps in the glycerol hydrogenolysis mechanism over cop-
per-based catalysts, aiming to gain a better understanding of
two important issues: (i) competitive reaction routes to gen-
erate 1,2-PDO and 1,3-PDO, and (ii) the effect of support
on the activity. Two common types of metal oxides, namely,
7ZrO, and MgO were considered. The dehydration-hydro-
genation mechanism has been proposed for copper-based
catalysts. The stability and reaction energetics of the ad-
sorbed reactants, dehydrated intermediates and hydrogenat-
ed species were explored. Then the results from DFT calcu-
lations can be compared with the experimental reactivity
trends. This work can be extended to provide a consistent
description of a class of bifunctional heterogeneous cata-
lysts, based on the combination of acid supports and metals
for the C-O hydrogenolysis of glycerol.

2 Methods and models
2.1 Computational methods

Plane-wave DFT calculations with the projector-augmented
wave (PAW) method were carried out as implemented in
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Scheme 1 Schematic reaction pathways (I, IT and III) of glycerol hydrogenolysis to form propanediols.
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the Vienna ab initio Simulation package (VASP) [28-31].
The generalized gradient approximation with the Perdew-
Wang exchange-correlation functional (GGA-PW91) was
used [32], which 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 [33] of (3 x
3 x 3)and (3 x 3 x 1) for bulk and surface calculations
which ensures the convergence of the whole system. Struc-
tural optimization was based on the conjugate gradi-
ent-minimization scheme and the spin unrestricted calcula-
tions were also performed. The convergence of energy and
forces were set to 1 x 10~ eV and 0.03 eV/A, respectively.

2.2 Surface models

The Cuy clusters were chosen since it was the smallest
three-dimensional structure that provided both metal-metal
and metal-support interactions [34-38]. Similar cluster
models have been utilized for Cu nanoparticles deposited on
CeO, and Al,O; supports and shown to be able to capture
the chemistry of nanosized metal particles in catalytic reac-
tions [34, 38]. In order to investigate the effect of copper
cluster size on the adsorption and energetics of glycerol and
intermediates, a larger Cug cluster was constructed. We
adopted the cubic ZrO, model in the present calculations,
which is the stable polymorph of pure ZrO, only at temper-
atures above 2650 K and up to the melting point at 2950 K.
At lower temperatures, the stable phases are tetragonal
(from 1400 to 2650 K) and monoclinic (up to 1400 K). The
cubic structure can be stabilized by doping with low-
er-valence cations, and this is, in fact, the phase present in
many catalytic applications [39]. It has also been shown that
zirconia thin films grown on Pt (111) present a cubic struc-
ture [40]. Furthermore, the XRD patterns (Figure S1) of the
Cu/ZrO, catalyst used in our experiments showed the pres-
ence of the cubic phase of ZrO,. We chose the (111) surface
as it was one of the stable surfaces of zirconia [41]. To ac-
commodate the copper cluster with small lateral interactions
between periodic images, the surface unit cell was increased
to (3x3) super cell (see Figure 1(a)). The slab of metal oxide
was chosen to contain two ZrO, molecules thick, thus six
atomic layers in total. Previous studies showed that a model
with six layers was sufficient to represent the geometric
relaxation of zirconia surfaces [42]. The super cell had di-
mensions a=b=10.75 A and ¢=19.4 A, which included a
vacuum region of thickness greater than 15 A to ensure no
interaction between the slabs. During the geometry optimi-
zations of the bulk, the supercell was fully relaxed under the
restriction of fixed cell parameters. We allowed the coordi-
nates of two uppermost atomic layers of the slab, with their
adsorbates to relax. The other and bottom atomic layers
were held fixed at the bulk positions of the metal oxide.

The defect-free flat MgO (100) surface [43] was modeled
by a (2v2 x3+2) unit cell with three layers thick and 35

atoms per layer per supercell (see Figure 1(b)). Previous
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Figure 1 Side views of the optimized (a) (3x3) unit cell of ZrO, (111)
surface. (b) (2\/5 X3 \/5) unit cell of MgO (100) surface. (¢) Cuy sup-

ported on the ZrO, (111) surface in rhombic structure. (d) Cu, supported on
the ZrO, (111) surface in tetrahedral structure. (e) Cug cluster supported on
the ZrO, (111) surface. (f) Cuy supported on the MgO (100) surface in a
butterfly shape.

studies have shown that slabs of 3—4 layers provided a very
good representation of the MgO (100) surface [44, 45]. A
vacuum of at least 15 A prevented the interaction between
successive slabs. The lowest two layers were held frozen at
the optimal DFT lattice constant of 4.21 /0%, which was
comparable to the experimental lattice constant (4.26 A).

In this work, we calculated adsorption energies according
to the following equation:

E,q=E(surface + adsorbate) — E(surface) — E(adsorbate) (1)

where E(surface + adsorbate), E(surface), and E(adsorbate)
denote the calculated electronic energies of final optimized
adsorption configurations, the bare surface, and a free mol-
ecule, respectively. With this definition, a negative FE,q
value implied that the adsorption of molecules was thermo-
dynamically favorable.

2.3 Experimental section

Two catalysts with a copper loading amount of 15 wt%
were prepared, which were identified as Cu-15/MgO and
Cu-15/ZrO,. Accordingly, the Cu/Zr and Cu/Mg molar rati-
os equal 0.29 and 0.10, respectively. In our calculations,
Cuy/ZrO, (111)-(3x3) and Cuy/MgO (100)- (2«/5 x34/2)
models were used. The Cu/Zr and Cu/Mg molar ratios were
calculated to be 0.22 and 0.11, respectively. From the above
analysis, it can be found that the Cu/Zr and Cu/Mg ratios
match well in our calculations and experiments. The de-
tailed procedures of the catalyst preparation and characteri-
zation were given in the Supporting Information. The XRD
patterns of the Cu/ZrO, catalyst (Figure S1) showed a
number of peaks corresponding to 26 = 30.5, 35.2, 50.7 and
60.5, which shows the presence of both P4,/nmc tetragonal
and Fm3m cubic phases. It is reported that most of the XRD
peaks of the tetragonal and cubic phase of zirconia are
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overlapped and it is very difficult to distinguish between the
two from XRD patterns [46]. In the test of glycerol hydro-
genolysis activity, the reaction was carried out in a batch
system using a 100 mL stainless-steel autoclave (Weihai
Bay Company). After 1 g catalyst and 50 mL 10 wt%
aqueous glycerol solution were loaded, the reactor was
purged four times with hydrogen to remove air and then
pressured to 6.0 MPa, programmed to 453 K for a given
period at a stirring speed of 800 rpm. After reaction, the
reactor was cooled to room temperature; samples were fil-
tered through 0.22-pm-pore-size filters (Membrana) to re-
move the solid catalyst powder prior to analysis and ana-
lyzed using a gas chromatograph (Varian 450-GC) equipped
with a flame ionization detector (FID) and Galaxy work-
station. The samples were injected (split ratio: 20) into a
DB-FFAP column of 30 m x 0.32 mm and 0.25 um phase
thickness. The temperature program was from 60 °C (2 min)
to 250 °C (8 min) at a rate of 20 °C/min. Injector and de-
tector temperatures were 250 °C and 280 °C, respectively.
The carrier gas used was N, at 1 mL/min. The FID used
hydrogen at 30 mL/min. The makeup gas was N, at 29
mL/min.

3 Results and discussion

3.1 The surfaces of Cu/ZrO, (111)-(3x3) and Cu/MgO
(100)- 22 x 342)

Four copper atoms are used to mimic the smallest clus-
ter-like construction of Cu-cluster on these two surfaces.
Two possible Cu doping structures with different arrange-
ment, a planar rthombic structure (Cuy-p), and tetrahedral
structure (Cuy-t) are calculated, and the structures that ex-
hibited the largest adsorption energies are obtained. The
side views of the supported Cu4 clusters are plotted in Fig-
ure 1. It is worth mentioning that the ZrO, (111)-(3x3) and

MgO (100)- (2\/5 ><3\/§) super cells are sufficiently large
to accommodate Cu, atoms.

The most stable arrangement of Cuy cluster on ZrO, (111)
surface is in a rhombus structure (Figure 1(c)), as in the case
of the free Cuy cluster [47]. Four Cu—O bonds are formed
upon adsorption, with an average length of 1.99 A. In addi-
tion, three Cu—Zr bonds are formed with an average long
distance of 2.88 A. This value is close to that found in pre-
vious theoretical investigation of the adsorption of a Cu
atom on ZrO, showing a Cu—Zr distance of 2.74 A. This
reveals that the metal-metal interaction in the metal clusters
decreases the metal-ZrQO, (111) interaction [42]. The bind-
ing energy is calculated to be —45.8 kcal/mol. For the meta-
stable tetrahedral structure (Figure 1(d)), the cluster-surface
bonding scheme is different, with three Cu—O bonds (1.91
A) and two Cu-Zr bonds (2.94 A). The adsorption energy is
estimated to be —36.9 kcal/mol.
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The adsorbed Cu tetramer aggregated on MgO (100)
surface has been previously investigated using density func-
tional calculations. It was found that the most stable geome-
try for Cuy was a rhombus [48]. Consequently, we select the
Cu, rhombus to explore its interaction with the supporting
MgO (100) and the optimized structure is given in Figure
1(f). Upon relaxation, the adsorbed rhombus is shown not to
be perfectly planar, which distorts with a butterfly shape.
The Cu atoms at the end of the short diagonal attract their
supporting oxygen by 2.12 and 2.13 A, while the other two
Cu atoms, staying further away on top of their oxygen, sep-
arated by distances of 2.91 and 2.92A. The binding energy
is found to be —26.0 kcal/mol.

A typical isomer of Cug with D3y symmetry in the gas
phase has been considered to study copper octamer adsorp-
tion on ZrO, (111)-(3%3) surface. The optimized structure is
presented in Figure 1(e). The average Cu—O distance in the
bottom Cuy layer is found to be 1.98 A, and the adsorption
energy is predicted at —51.7 kcal/mol, which is comparable
to the adsorption energy for Cuy cluster on the surface.

3.2 Hydrogenolysis of glycerol on the Cu/ZrO, (111)
surface: DFT studies

The first step for glycerol hydrogenolysis reaction on the
Cu/ZrO, (111) surface is the molecular chemisorption of
glycerol and dissociative chemisorption of hydrogen. The
metal-oxide interface has been proposed as a unique reac-
tion site where reactants are activated, and it is known to be
highly active for many heterogeneous catalytic reactions.
We began the construction of the glycerol adsorbate in dif-
ferent orientations by adding the glycerol molecule onto the
Cuy/ZrO, (111) interface [49]. The energetically most fa-
vorable adsorption mode is depicted schematically in Figure
2(a), with the corresponding adsorption energy of —39.9
kcal/mol. In this case, the glycerol molecule is anchored on
the top site of Cu cluster through one of the oxygen atoms
in the terminal hydroxyl group. The distance between Cu
and O is 2.18 A. In addition, the oxygen atom in the sec-

Figure 2 The optimized structures of glycerol and H, chemisorbed on the
Cuy/ZrO, (111) (a, b), Cug/ZrO, (111) (c, d), and Cuy/MgO (100) (e, )
surfaces. The bottom part of the surface has been omitted, which is similar
to the one shown in Figure 1.
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ondary hydroxyl group interacts with a surface Zr site, with
a Zr—O bond length of 2.49 A. As previously suggested in
the literature [23], the breaking H atoms of hydrogen sit
above the Cu—Cu bridge site. The second most stable struc-
ture resulting from glycerol adsorption is shown in Figure
2(b), which binds slightly weakly to the surface with ad-
sorption energy of —38.9 kcal/mol. It can be seen that the
oxygen atom in the middle hydroxyl group adsorbs at the
top of the Cu site. The Cu—O bond is calculated at 2.09 A.
The adsorption structures of glycerol and H, on the
Cug/ZrO, (111) catalyst are shown in Figures 2(c) and 2(d).
The strongest binding mode has adsorption energy of —40.7
kcal/mol. The oxygen atom connected to the secondary C
binds to a Cu atom. The Cu—O bond length is 1.96 A. The
oxygen atom attached to the primary carbon occupies on the
top site of Zr. The Zr-O bond length is 2.58 A. This hy-
droxyl group also points toward a lattice O atom that shows
a hydrogen bonding of 1.76 A. The second strongest bind-
ing structure has adsorption energy of —36.9 kcal/mol,
where oxygen atoms from both primary and central hydroxyl
groups adsorb on the Cu atoms. The Cu-O bond lengths are

Sci China Chem

June (2013) Vol.56 No.6 767

calculated to be 2.01 and 2.23 A. Overall, no significant
changes in total adsorption energies are found for glycerol
interacting with Cuy/ZrO, and Cug/ZrO, surfaces, suggest-
ing that the smaller Cuy cluster is effective for probing the
reactivity of bifunctional catalyst in the hydrogenolysis re-
action.

An overview of the major thermochemical results is giv-
en in this section. On the basis of the above optimized ad-
sorption configurations, the reaction mechanisms of glycer-
ol over the Cuy/ZrO, and Cug/ZrO, models to produce
1,2-PDO and 1,3-PDO are investigated. The structures for
the most favorable configurations of intermediates are de-
picted in Figures 3 and 4, and the potential energy profiles
of these routes are displayed in Figure 5.

The first step leading to 1,2-PDO product is the coad-
sorption of glycerol and H, at the interface of Cu,/ZrO,
forming 2(b), where the secondary hydroxyl coordinates to
Cu. Next, a primary hydroxyl group in 2(b) is dehydrated
via scissions of terminal C—OH bond and central C—H bond,
to form the adsorbed propene-2,3-enol intermediate and
water (Figure 3(a)).

Figure 4 Structures of the intermediates for glycerol hydrogenolysis to 1, 3-PDO on the Cus/ZrO, (111) and Cug/ZrO, (111) surfaces.
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Figure 5 Reaction profiles for the glycerol hydrogenolysis on Cus/ZrO,
(111) and Cug/ZrO, (111). The zero energy is taken as the sum of the ener-
gies of Cuy/ZrO, (111), the gas-phase glycerol, and gas phase hydrogen.
The black line represents the formation of 1,2-PDO, and the red line repre-
sents the formation of 1,3-PDO. The formations of 1,2-PDO and 1,3-PDO
on a larger Cug cluster are also given and represented by the blue and green
lines.

The 2, 3-enol species is bound to a Cu atom through the
oxygen atom in the secondary hydroxyl group (O—Cu bond
equals 2.26 A). The releasing water molecule occupies on
the top site of a lattice Zr with O—Zr length of 2.37 A. This
step is slightly exothermic by 0.8 kcal/mol. The 2,3-enol
species can be rearranged further in acetol intermediate
(Figure 3(b)), corresponding to the migration of H atom
from central OH group in 3(a) to the CH; fragment in 3(b).
The adsorbed acetol species is featured by the keto oxygen
binding to a Cu atom with a Cu—O bond length of 2.13 A.
The reaction energy of this step is calculated to be —12.0
kcal/mol. In the third step, a hydrogen atom adsorbed across
the Cu?2 bridge site can combine with the keto oxygen in 3(b)
to produce a semi-hydrogenated intermediate (Figure 3(c)).
This species forms a ring structure attached on the Cu clus-
ter via its central O atom and undercoordinated C atom. The
C—Cu and O—Cu bond lengths are 1.99 A and 2.15 A. In
addition, this partially hydrogenated species 3(c) is stabi-
lized by a weak hydrogen bonding formed between its oxy-
gen atom connected to central carbon and the O—H group in
water at a distance of 1.73 A. The reaction energy for the
conversion is 5.0 kcal/mol. The last step converts 3(c) to the
adsorbed 1,2-PDO species (Figure 3(d)) by transferring an-
other chemisorbed H atom to the undercoordinated carbon
in 3(c). The oxygen atom bonded to the secondary carbon
binds to a Cu atom forming a Cu-O bond of 2.25 A. As
shown in Figure 5, this step is slightly exothermic by —0.2
kcal/mol.

The initial step on the pathway leading to 1,3-PDO pro-
duction concerns the decomposition of glycerol in 2(a) into
the propene-1,3-enol intermediate through breaking of the
central C—OH bond and terminal C—H bond (Figure 4(a)).
The oxygen atom connected to the primary carbon binds to
the top site of Cu. The Cu-O bond length is 2.27 A. The
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oxygen atom of released water attaches to a Zr atom with
O-Zr bond length of 2.25 A. This step is exothermic by
—5.4 kcal/mol. The second step proceeds through the isom-
erization of 1,3-enol intermediate into the adsorbed
3-hydroxypropanal species with a reaction heat of 2.3
kcal/mol. A shift of one H occurs from the terminal hydrox-
yl group in 4(a) to the central carbon group in 4(b), involv-
ing the coordination of the carbonyl O on the Cu cluster that
shows a Cu—O distance of 2.03 A (Figure 4(b)). In the third
step, one hydrogen atom begins to move away from the
bridge site of Cu, and jumps to the oxygen atom in the
aldehyde group, resulting in the formation of a semi-hydro-
genated species (Figure 4(c)). The C—Cu and O-Cu dis-
tances are 1.97 and 2.30 A, respectively. This step exhibits a
reaction heat of 4.7 kcal/mol. At the final step, another H
atom can attack the unsaturated carbon in 4(c) to obtain the
1,3-PDO, which is endothermic by —0.8 kcal/mol. The oxy-
gen of primary hydroxyl group is located above the Cu atom
with Cu-O distance of 2.17 A (Figure 4(d)).

On Cug/ZrO,, the propene-2,3-enol species (3(a")) result-
ing from primary C-O bond and secondary C—H bond scis-
sions in 2(c) resembles that on the Cu,/ZrO, surface. The
hydroxyl group attached to the middle C binds to the Cug
cluster. The Cu—O distance is 2.10 A. The detached water
molecule points towards the surface Zr site at a distance of
2.37 A. Our calculated reaction heat of this step is 2.7
kcal/mol. In the second step, the acetol intermediate 3(b") is
formed and binds to the Cug cluster via both carbon and
oxygen atoms in the carbonyl group. The Cu—-O and Cu-C
distances are 1.96 and 2.15 A. The bidentate coordination
implies a strong interaction, which is verified by the calcu-
lated reaction heat of —18.0 kcal/mol. In the following step
of transferring one dissociated H atom to the carbonyl oxy-
gen in 3(b") to form a semi-hydrogenated species 3(c’), a
different structure is obtained. The hydroxyl group attached
to the middle carbon no longer adsorbs at the top site of Cu
atom. Instead, it prefers to point at the terminal hydroxyl
group of water bound to ZrO, surface, forming a hydrogen
bond-like structure at a O-H length of 1.56 A. Besides, we
found the central carbon atom binds to a top site of Cug
cluster with a Cu—C distance of 1.97 A. The computed reac-
tion heat of this step is 3.3 kcal/mol. The Cu—C bond is dis-
sociated when the second hydrogen atom moves towards the
unsaturated carbon in 3(c’) and the secondary hydroxyl
group approaches the top site of Cu8 cluster, yielding an
adsorbed 1,2-PDO species 3(d’). It was found to be analo-
gous to 1,2-PDO adsorbed on the Cu, cluster. Our calcula-
tions give a positive reaction energy of 4.9 kcal/mol associ-
ated with this process.

As depicted in Figure 4, the propene-1,3-enol species
4(a") resulting from glycerol decomposition of 2(d) is pref-
erentially adsorbed on the top site of the Cug cluster via its
terminal hydroxyl group with a Cu-O distance of 1.96 A.
Simultaneously, the hydroxyl H atom also closely interacts
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with the water O atom with a O~-H distance of 1.62 A. The
strong hydrogen bond results in a long distance between the
water molecule and surface Zr site (2.62 A). This step is
slightly exothermic by 3.4 kcal/mol. The subsequent
3-hydroxypropanal structure 4(b") is similar to that on the
Cu4 cluster, where the aldehyde oxygen atom occupies the
top site of Cu with a Cu—O distance of 1.92A. The calcula-
tions indicate a moderate reaction heat of —6.9 kcal/mol.
The semi-hydrogenated species 4(c’) binds strongly to the
Cu8 cluster. The preferred binding mode seems to be a
four-membered ring with the C—O bond parallel to the
Cu—Cu bond. The Cu-C and Cu-O distances are 1.97 and
2.11 A, respectively. Different from the intermediate on the
Cu4 cluster, the water H atom points away from the terminal
hydroxyl O atom. This step proceeds with a positive reac-
tion heat of 9.8 kcal/mol. The migration of the hydrogen
atom from Cu, bridge site to the terminal C atom in 4(c’)
yielding an adsorbed 1,3-PDO 4(d’), is a modest exothermic
process (=5.2 kcal/mol), with the primary hydroxyl oxygen
anchored to the Cu atom at a distance of 2.11 A.

As illustrated in Figure 5, we found that the formation of
1,2-PDO is much easier than 1,3-PDO on the Cu cluster
from the thermodynamic viewpoint, which can be proved
by the much lower energies of the adsorbed intermediates at
each stage of glycerol hydrogenolysis to produce 1,2-PDO
(except for the first step regarding enols formation). The
reaction energies differ significantly along the 1,2-PDO and
1,3-PDO pathways with the value reaching as large as 8.4
kcal/mol on Cu4 cluster and 15.3 kcal/mol on Cu8 cluster,
suggesting that this surface will be selective to 1,2-PDO.
Vasiliu et al. presented a detailed computational study of
the thermodynamic properties for the conversion of glycerol
into propanediols in the gas, liquid and water solutions [50].
The calculated values for the Gibbs free energies showed
that the formations of 1,2-PDO and 1,3-PDO were highly
exothermic processes, with a feasible formation of 1,2-PDO.
These results were consistent with the reactions performed
using the Cu-based catalysts.

3.3 Hydrogenolysis of glycerol on the Cu,/MgO (100)
surface: DFT studies

The adsorption structures of glycerol and H, on the Cu,/
MgO (100) interface are illustrated in Figures 2(e) and 2(f).
The glycerol molecule can adsorb through a bi-dentate an-
choring geometry (2(e)): its central oxygen atom prefers the
top site of Cu, and the terminal oxygen favors the top site of
lattice Mg, with the newly formed Cu—O and Mg-O bonds
being about 2.09 and 2.40 A. The adsorption is exothermic
by —49.1 kcal/mol. The optimal structure of glycerol and
hydrogen chemisorbed on Cu/MgO is given in Figure 2(f).
Different from 2(e) with secondary hydroxyl coordinated to
Cu and primary hydroxyl to Mg, the Cu cluster and the sur-
face Mg site are capable of simultaneously interacting with
the secondary hydroxyl group. The Cu-O and Mg-O dis-
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tances are 2.26 and 2.33 A. The calculated adsorption ener-
gy is =59.3 kcal/mol.

The optimal structure 2(f) is chosen as the initial geome-
try for the hydrolysis of glycerol on Cuy/MgO. The primary
hydroxyl is dehydrated leading to 1,2-PDO and a secondary
hydroxyl is dehydrated leading to 1,3-PDO. The proposed
pathways are schematically depicted in Figures 6 and 7, and
the calculated corresponding potential-energy surfaces are
drawn in Figure 8.

In an analogous way, glycerol dissociation initially oc-
curs via successive rupture of terminal C—O bond and cen-
tral C—H bond to yield 2,3-enol intermediate (Figure 6(a)).
The detached water molecule would preferably adsorb onto
the Cu atom and Mg atom of the MgO surface. This step is
endothermic by 9.3 kcal/mol. Then this 2,3-enol species
converts into an acetol intermediate, which is constructed
by the carbonyl oxygen atom interacting simultaneously
with a Cu atom and lattice Mg (Figure 6(b)). The Cu—O and
Mg-O distances correspond to 2.11 and 2.62 A, respectively.

=

Figure 6 Structures of the intermediates for glycerol hydrogenolysis
1,2-PDO on the Cus/MgO (100) surface.

0

Figure 7 Structures of the intermediates for glycerol hydrogenolysis to
1,3-PDO on the Cus/MgO (100) surface.
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Figure 8 Reaction profiles for the glycerol hydrogenolysis on Cus/MgO
(100). The zero energy is taken as the sum of the energies of Cus/MgO
(100), the gas-phase glycerol, and gas phase hydrogen. The black line
represents the formation of 1,2-PDO, and the red line represents the for-
mation of 1,3-PDO.

The calculated reaction energy is —15.6 kcal/mol. Subse-
quently, one hydrogen atom formed by dissociation adsorp-
tion migrates to the carbonyl oxygen end of the acetol in-
termediate and results in a semi-hydrogenated species char-
acterized by a four-membered-ring structure (Figure 6(c)).
The C—Cu and O—Cu bonds are predicted at 1.97 and 2.02 A,
which requires a reaction energy of 5.9 kcal/mol. Further
hydrogenation at the unsaturated C end in 6(c) with another
isolated hydrogen atom produces the 1,2-PDO (Figure 6(d)).
In this step, the central oxygen atom is attracted by the ad-
jacent H atom in water generating a weak hydrogen bonding
(O---H=1.86 10\). The reaction is exothermic by 3.8 kcal/mol.

Next, we turn to the reaction route for the formation of
1,3-PDO on the Cuy/MgO model system. The first for-
mation of 1,3-enol intermediate takes places via the de-
composition of glycerol through cleavage of central C-OH
group and terminal C—H bond (Figure 7(a)). The 1, 3-enol
species interacts with the eliminated water molecule via a
hydrogen bonding coordination (1.73 A). This step is endo-
thermic by 8.5 kcal/mol. Once the 1,3-enol intermediate is
formed it can easily convert into the 3-hydroxypropanal
intermediate (Figure 7(b)). During this reaction, two kinds
of hydrogen bonding are identified. The former is formed
by the oxygen end of C=0 bond incorporating with a hy-
drogen atom from detached water; the latter is formed by
the oxygen bonded to the primary C pointing to the other H
in water. The O---H bonds are computed to be 1.86 and 1.99
A, respectively. This transformation reaction is exothermic
by 7.1 kcal/mol. This is followed by the addition of a H
atom located at Cu, site to the hydroxypropanal intermedi-
ate at the carboxyl O end (Figure 7(c)), forming one Cu—-C
bond (1.95 A) and one Cu—O bond (2.01 A). The reaction
energy of this step is 10.6 kcal/mol. The last step involves
the coupling of the second H with the unsaturated C end in
7(c) to yield the 1,3-PDO (Figure 7(d)). The oxygen in the
terminal hydroxyl group is brought close to the Cu cluster
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and a new Cu—O bond is created with a length of 2.16 A.
This step is calculated to be endothermic by 4.1 kcal/mol. In
summary, although the 1,2-PDO and 1,3-PDO reaction
pathways via the hydrogenolysis of glycerol are facile on
the Cu/MgO surface from thermodynamics (Figure 8), the
results clearly demonstrate the relative stability of the in-
termediates on each stage of 1,2-PDO formation are much
higher than that of the corresponding 1,3-PDO (except for
the first step). The energy difference reaches 20.3 kcal/mol
on Cuy/MgO. Hence, 1,2-PDO is the thermodynamically
preferred products. The finding is in line with the results
predicted on the Cu,/ZrO, surface.

3.4 The effect of support on the hydrogenolysis reac-
tion: Comparisons with experiments

The results mentioned above apparently indicate that the
support plays a role in determining the unique catalytic ac-
tivities of Cu clusters. The MgO substrate shows superior
activities than ZrO, in the production of 1,2-PDO (Figures 5
and 8). The acid-base characteristic of Mg and O sites on
MgO enhances the interaction between glycerol and the
Cu/MgO catalyst. A similar behavior has been reported in
the literature for the interaction of glycerol with flat MgO
(001) [51]. In addition, the MgO surface has greater affinity
toward water [52] than ZrO,, thus favors the dehydration of
glycerol to hydroxyacetone, which may have a positive ef-
fect on the catalytic activity. Our results indicate that for
propanediol production from glycerol hydrogenolysis, cata-
lysts with high initial-step dehydration activity should be
developed.

The experimental results of conversions and selectivities
of glycerol catalyzed by Cu/ZrO, and Cu/MgO catalysts are
presented in Figure 9. The results show that both catalysts
exhibit high catalytic activity in the hydrogenolysis of glyc-
erol. 1,2-PDO and ethylene glycol are detected as the main
products under our present experimental conditions. This is
in agreement with the thermodynamic profiles of this reac-
tion predicted from first-principles simulation that shows
the Cu catalysts give the 1,2-PDO as a dominant product.
Furthermore, the formation of 1,2-PDO is largely promoted
by employing the Cu/MgO catalyst in contrast to Cu/ZrO,.
When Cu/MgO is used as a catalyst, the conversion of
glycerol increases from 52.2% to 85.2% with increasing the
time from 8 h to 40 h. However, the selectivity of 1,2-PDO
decreases from 95.1% to 90.9%. When the hydrogenolysis
reaction is catalyzed by Cu/ZrO,, the conversion of glycerol
increases gradually from 43.2% to 81.9% with the increase
of time from 8 h to 40 h. The selectivity of 1,2-PDO reduces
from 87.6% to 85% accordingly. The experimentally ob-
served reactivity trend is in line with our calculated result
demonstrating that Cu/MgO exhibits superior activities than
Cu/ZrO; in the yield of 1,2-PDO from the thermodynamic
viewpoint.
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Figure 9 Time course of glycerol hydrogenolysis to 1,2-PDO over Cu/MgO (a) and Cu/ZrO, (b). Reaction conditions: 50.0 mL of 10 wt.% aqueous solu-

tion of glycerol, 1.0 g of reduced catalyst, H, pressure 6.0 MPa.

It is important to emphasize that our analysis of the
1,2-PDO/1,3-PDO selectivity is based only on the adsorp-
tion thermochemistry of glycerol dehydrated and hydrogen-
ated intermediates. An explicit kinetic analysis, involving
the most stable transition states at each level of the pathway,
would provide a more precise prediction of the selectivity
patterns of glycerol hydrogenolysis over Cu-based catalysts
than the thermochemistry analysis that we have presented
above. The activation energy is the key parameter that con-
trols the overall rate and the selectivity. It has been reported
that the elimination of a secondary alcohol proceeds via a
relatively stable secondary carbocation and is therefore ki-
netically controlled. The elimination of a primary alcohol
forms acetol, which is thermodynamically more stable
compared with 3-hydroxypropanal [53]. This consideration
is the basis for higher 1,2-PDO selectivity than 1,3-PDO in
most examples. We think that the kinetic analysis would be
unlikely to change the important conclusions of this work,
which demonstrates that 1,2-PDO production is favored.
However, the selectivity of 1,3-PDO in the hydrogenolysis
can be improved by altering transition energies, by devel-
oping the appropriated catalytic system, which will be ex-
plained in the framework of our future study.

4 Conclusions

The thermodynamic profiles for the hydrogenolysis of
glycerol over bifunctional copper-based catalysts, Cu/ZrO,
and Cu/MgO, to produce propanediols have been calculated
using the first-principles calculations. The hydrogenolysis
productivity and selectivity to yield 1,2-PDO and 1,3-PDO
were compared. The reaction is started by glycerol dehydra-
tion leading to propene-2,3-enol and propene-1,3-enol in-
termediates. This step can be realized on the metal oxide
surface by the acid-base catalysis. This is followed by
isomerizations of these produced species into acetol or
3-hydroxypropanal. The final step is hydrogenation toward
propanediols through successive migrations of H atoms to
the C=0 bond which requires the metal centers.

It has been demonstrated that the supported Cu cluster
consisting of four Cu atoms as catalysts is sufficient to de-
scribe the adsorption properties of glycerol in the reaction
process. The results of reaction energetics show that the
propanediols synthesis is fairly feasible on both catalysts.
The modified stability of intermediates may have great in-
fluence on the 1,2-PDO and 1,3-PDO selectivity of the re-
action. This might explain why only 1,2-PDO is obtained on
the Cu-based catalysts. In addition, the relative stability of
these intermediates is strongly dependent on the choice of
metal oxide support. This may exert great influence on the
activity of the reaction. From a global thermodynamic
viewpoint, Cu/MgO is much more effective than Cu/ZrO, in
the hydrogenolysis of glycerol molecule. The experimen-
tally observed activity and selectivity trends are consistent
with the DFT calculations. The fundamental understanding
of the structural, energetics, and catalytic properties of
Cu-based catalysts for glycerol hydrogenolysis investiga-
tions in this work may improve our ability to tune catalysts
for increased activity and selectivity.
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1 Catalyst preparation
1.1 Meterials

Cu(NOs), - 3H,0, AR, Sinopharm Chemical Reagent Co., Ltd,
China; Mg(NOs;), - 6H,0, AR, Shanghai Chemicals, China;
Zr(NO;),-2H,0, AR, Tianjin Guangfu Chemicals, China;
Na,CO;, AR, Guangzhou Chemicals, China.

1.2 Method

The catalyst precursors were prepared by precipitation of
a mixed aqueous solution of Cu(NO;),-3H,O and
Mg(NOs), - 6H,0 (or Zr(NO3),-2H,0, total metal concen-
tration was 1 mol/L) by drop-wise adding of Na,COj; solu-
tion (1 mol/L) under vigorous stirring at room temperature
until the pH of the mixed solution reached 10.5 (Sartorius
PB-10, Germany). After addition of the Na,CO; solution,
the resulting precipitates were aged under continuous stir-
ring in the mother liquor at room temperature for 12 h. The
suspensions were purged out of the reactor followed by
separation of the precipitates from the mother liquor by
vacuum filtration. After filtering, the resulting filter cake
was washed thoroughly with deionized water. Finally, the
washed precipitates were dried in ambient at 393 K for 12 h,
followed by calcination at 823 K in static air for 4 h (5
K/min). Reduction of the catalysts were performed in pure
H, atmosphere at 623 K at a heat ramp rate of 5 K/min, fol-
lowed by an isothermal period of 1 h at the final tempera-
ture. Prior to exposure to air, the catalysts were passivated
by purging reactor with 1% O,/N, for 2 h at room tempera-
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ture. Two catalysts with copper loading amount of 15 wt%
were prepared in above procedures, which were identified
as Cu-15/MgO and Cu-15/Zr0O,. The X-ray powder diffrac-
tion (XRD) patterns of catalysts were obtained with a
Bruker D8 Advance X-ray diffractometer under Ni-filtered
Cu-Koa radiation. Particle sizes of Cu were calculated from
XRD patterns using Debye—Scherrer equation.

2 Characterization results
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A AMgO
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Figure S1 XRD patterns of Cu/MgO and Cu/ZrO, catalysts.

Table S1 Chemical properties of the Cu/MgO and Cu/ZrO, catalysts
detected by XRD characterization

MgO/ZrO, crystallite  Cu particle size  Metal loading
Catalyst size (nm) (nm) (Wt%)
Cu/M 3. .
u/MgO 13.9 21.0 15%
Cu/ZrO, 13.8 16.7
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Table S2  Glycerol hydrogenolysis over Cu/MgO and Cu/ZrO, catalysts®

. . Selectivity (%)
Catalyst Reaction time (h) Glycerol conversion (%)
1,2-PDO 1,3-PDO EG
Cu/MgO 8 52.2 95.1 - 1.5
16 58.7 94.2 - 2
24 66.2 93.9 - 1.9
32 77.1 92.3 - 2.5
40 85.2 90.9 - 3.1
Cu/ZrO, 8 432 87.6 - 2.2
16 514 87 - 24
24 64.1 86 - 2.9
32 74.6 85.5 - 32
40 81.9 85 - 35

a) Reaction conditions: 10 wt% aqueous solution of glycerol 50.0 mL, 1.0 g of reduced catalyst, H, pressure 6.0 MPa, 180 °C.
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