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ABSTRACT: The full potential energy surface of the catalytic conversion of
furfural to 2-methylfuran on the Cu(111) surface has been systematically
computed on the basis of density functional theory, including dispersion and
zero-point energy corrections. For furfuryl alcohol formation, the more favorable
step is the first H addition to the carbon atom of the C=O group, forming an
alkoxyl intermediate (F-CHO +H — F-CH,0); the second H atom addition,
leading to furfuryl alcohol formation (F-CH,O + H — F-CH,OH)), is the rate-
determining step. For 2-methylfuran formation from furfuryl alcohol dissociation
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into surface alkyl (F-CH,) and OH groups, H,O formation is the rate-

determining step (OH + H — H,0). Our results explain perfectly the experimentally observed selective formation of furfuryl
alcohol and the equilibrium of furfural/furfuryl alcohol conversion under hydrogen-rich conditions as well as the effect of H,O
suppressing furfural conversion. In addition, it is found that dispersion correction (PBE-D3) overestimates the adsorption
energies of furfural, furfuryl alcohol, and 2-methylfuran considerably, whereas those of H, and H,O can be reproduced nearly
quantitatively. Our results provide insights into Cu-catalyzed furfural selective conversion and broaden our fundamental
understanding into deoxygenation reactions of oxygenates involved in the refining of biomass-derived oils.
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1. INTRODUCTION

Owing to the growing energy demand, increasing environmental
concerns, and chiefly the declining of petroleum reserves as well
as greenhouse gas emissions, new nonfossil resources have
attracted considerable and increasing attention. The research
with regard to catalytic reactions of unsaturated oxygenates is of
great interest because of the prevalence of these compounds as
intermediates in the conversion of biomass to fine chemicals and
fuels." One class of unsaturated oxygenates, furan derivatives, has
received increased attention because of their production from
biomass deconstruction.”’ Furan derivatives can be used as
model compounds for hydrodeoxygenation studies® and
precursors for liquid alkane fuels,”™” resins, and polymers.”
Furfural is a simple organic compound that can be derived
from a variety of agricultural byproducts, including corncobs,
oats, wheat bran, and sawdust. Furfural is usually obtained by
acid-catalyzed dehydration of xylose, which is the main building
block of hemicellulose, one of the constituents of biomass.
Furfural can also be obtained from fast pyrolysis of biomass at
moderate temperatures, high heating rates, and short residence
times.””'* Furfural is one of the numerous oxygenated
compounds commonly found in bio-oil."”*~"* Bio-oil has the
potential as second-generation biofuel because it can be
produced in high volumes without threatening food supplies
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and biodiversity. Because of its high oxygen and water contents,
however, it needs a significant post-treatment before it can be
used as fuel.'””® Tt also is necessary to upgrade bio-oil
catalytically to improve its storage stability, boiling point range,
water solubility and octane number.

As one of the potential routes for bio-oil stabilization, mild
hydrogenation eliminates the most reactive oxygenate groups,
which in turn are the least desirable components in fuel.*"**
There are several approaches for furfural conversion. Aldol
condensation of furfural with small ketones is a prospective
approach to produce larger compounds (Cg—Cjs) that may fall
in fuel ranges.”””>° High yields of products from direct
condensation of furfural with acetone have been obtained in
the presence of basic catalysts. Selective hydrogenation of
furfural may be an alternative route to increase the stability and to
produce compounds as gasoline components. For example, 2-
methylfuran is a better additive to gasoline, which could be used
as an octane booster (RON = 131).

Since the first effort in catalytic upgrade of furfural,”” it has
been found that the products of furfural chemical transformation
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Table 1. Influence of Slab Thickness on Adsorption Energies”

1R/3L IR/4AL 2R/4L 3R/4L
F-CH,0 —3.53 (-3.47) —3.57 (=3.51) —3.58 (=3.52) —3.57 (-3.51)
F-CH, —1.95 (—1.94) —2.03 (=2.02) —2.05 (=2.04) —2.04 (=2.03)
OH —3.42 (-331) —3.44 (=3.33) —3.46 (=3.35) —3.46 (—3.35)

“In electronvolts, nR/mL, n for relaxed layers, and m for total layers; the ZPE-corrected adsorption energies are given in parentheses.

on transition metal catalysts extremely depend on the affinity of
reactants to metals. Furthermore, furfural has an aromatic furan
ring and carbonyl group for potential binding to catalyst surfaces.
On the Cu surface, for example, furfural is adsorbed by the
carbonyl group through the O lone pair of electrons in an 7'(O)-
surface mode,”**’ whereas on group VIII transition metals (Ni,
Pd, and Pt), the C=0 double bond interacts with the surfaces in
an 72(C,0) mode.’*™*

Although much work has been done on furfural conversion on
different transition metals in experiment and theory, there is no
systematic study about the full potential energy surface of the
reaction of furfural to 2-methylfuran on the Cu(111) surface
theoretically, despite the plentiful experimental studies about
furfural conversion using Cu-based catalysts.”*”*"**7%" The
only theoretical work™ reported 2-methylfuran formation from
the hydrogenation of furfuryl alcohol on the Cu(111) surface.
Furfural conversion on Cu/SiO, catalyst mainly results in the
selective formation of furfuryl alcohol, and only small amount of
2-methylfuran is observed,”” but raising the reaction temperature
increases the yield of 2-methylfuran.”’ Over Cu supported on
SBA-15 silica catalyst with 15 wt % Cu after S h of time-on-stream
at 170 °C,*” furfural conversion of 54% and furfuryl alcohol
selectivity of 95% have been observed. Furthermore, it is found
that a high temperature (270 °C) lowers furfural conversion and
turfuryl alcohol selectivity, while the selectivity of 2-methylfuran
is increased.

In this work, we used the latest PBE-D3 method, including
zero-point energy (ZPE) correction, to explore the mechanism
of furfural conversion to 2-methylfuran on the Cu(111) surface
under the consideration of van der Waals (vdW) interaction. On
the basis of the computed thermodynamic and kinetic data, we
identified the possible optimal reaction path and the rate-
determining step as well as the rationalized selective formation of
turfuryl alcohol and the equilibrium of furfural/furfuryl alcohol
conversion under hydrogen-rich conditions. It is also proposed
that H,O might suppress furfural conversion. Our results provide
insights into Cu-catalyzed furfural selective conversion and
broaden our fundamental understanding into deoxygenation
reactions involved in the refining of biomass-derived bio-oils.

2. COMPUTATIONAL METHOD AND MODEL

2.1. Background. In recent years, traditional generalized
gradient approximation density functional theory (DFT-GGA)
methods have become effective tools in inspecting heteroge-
neous catalytic reaction pathways and the related thermody-
namic and kinetic properties.”””*" However, DFT-GGA
methods, which consider only electrostatic forces,”* cannot
describe the weak dispersion associated with vdW interaction,**
which is particularly important for weak interactions between
aromatic molecules and group IB metals. For example, Bilic¢ et
al.® found that PW9l can give a reasonable adsorption
configuration of pyridine on Au(111) but underestimates the
adsorption energy. Bili¢ et al.** also found that PW91 and PBE
underestimate benzene adsorption energies on copper, silver,
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and gold surfaces. Similar results are found for pyridine
adsorption on the Ag(110) and Cu(110) surfaces.*”

Using Grimme’s semiempirical method to consider the long-
range dispersion correction for vdW interaction,™®™>° Liu et al.”"
computed furfural adsorption on the face-centered cubic (fcc)
Pd(111), Cu(111), and Pt(111) surfaces and found that on
Cu(111), not only the adsorption configuration but also the
adsorption energy change significantly upon the change from
PBE to PBE-D2, and the increase in the adsorption energy is up
to 0.83 €V in magnitude. Moreover, Vorotnikov et al.*’ used the
latest PBE-D3 method to investigate the conversion of furfural to
furan, furfuryl alcohol, and 2-methylfuran on the Pd(111)
surface. Most recently, Wang et al.”* used PBE-D3 to investigate
the coverage-dependent selectivity of furfural conversion on the
Pd(111) surface. All these studies revealed that PBE-D3 can
reasonably predict not only the adsorption configurations but
also the adsorption energies in furfural conversion. Therefore, we
used PBE-D3 to compute the full potential energy surface of
furfural conversion on the Cu(111) surface. This is the first
theoretical study presenting both thermodynamic and kinetic
parameters of furfural transformation on the Cu(111) surface.

2.2. Method. All calculations were performed by using the
plane-wave-based periodic DFT method implemented in the
Vienna ab initio simulation package (VASP, version 5.3.5),>%*
where the ionic cores are described by the projector augmented
wave (PAW) method.>>*® The exchange and correlation
energies were computed using the Perdew, Burke, and Ernzerhof
functional with the latest dispersion correction (PBE-D3).**%%
To have accurate energies with errors of <1 meV/atom, a cutoff
energy of 400 eV and the Gaussian electron smearing method
with ¢ = 0.20 eV were used. The geometry optimization was
converged until all forces acting on the atoms were smaller than
0.02 eV/A, whereas the energy threshold-defining self-
consistency of the electron density was set to 107* eV. All
transition state structures were located using the climbing image
nudged elastic band (CI-NEB) method.”® For each optimized
stationary point, we carried out vibrational analysis at the same
level of theory to determine its nature (either minimum or saddle
point) and ZPE and ensured that each transition state had only
one imaginary frequency along the reaction coordinate. For the
bulk optimization, the lattice parameter was optimized using the
fcc unit cell, and its reciprocal space was sampled with a 15 X 15
X 15 k-point grid generated automatically by using the
Monkhorst—Pack method.”” The optimized lattice parameter
of 3.561 A is close to the experimental value (3.614 A*°) and in
good agreement with other DFT calculations.”"®!

2.3. Model. Johnson®* found that the (111) surface is often
exposed in fcc and hexagonal close-packed (hcp) metals, and
other surfaces tend to become (111) in crystal growth, crystal
surface dissociation, and chemical erosion. Among the low-index
surfaces, the Cu(111) surface is found to have the lowest surface
energy and represents the most stable surface.”> " Hence, we
used the Cu(111) surface to execute our study. A vacuum of 15.0
A was used between the slabs and their periodic images to avoid
perpendicular interaction. The surface structural relaxation and
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Figure 1. Top (above) and side (below) views of the Cu(111) surface structure and possible adsorption sites: top (t), bridge (b), 3-fold hollow face-
centered cubic site (fcc, over a third layer atom), and hexagonal-close-packed site (hcp, over a second layer atom), as well as furfural adsorption (surface/

blue, carbon/black, hydrogen/yellow, oxygen/red).

the total energy calculation were performed with the 3 X 3 X 1
Monkhorst—Pack k-point sampling. To check the influence of
the slab thickness on the adsorption energies, we tested two p($
% 5) slab models in different thicknesses in varying the relaxed
surface layers. The first slab model has three layers (a total of 75
Cu atoms), and the first layer is allowed to relax; the bottom two
layers are fixed to the bulk positions by keeping their optimized
lattice constants (1R/3L). The second slab model has four layers
(atotal of 100 Cu atoms), and the top one, top two, and top three
layers are relaxed, respectively, and the corresponding bottom
layers are fixed (1R/4L, 2R/4L, 3R/4L, respectively). Using
these slab models, we computed the adsorption energies of the
most important surface species, 2-furanylmethoxyl (F-CH,0), 2-
furanylmethyl (F-CH,), and hydroxyl (OH). As shown in Table
1, the computed adsorption energies by using the thick four-layer
model are nearly independent of the number of the relaxed
layers. The computed adsorption energies by using the thin
three-layer model (1R/3L) are close to those by using the thick
four-layer model (3R/4L). For example, the adsorption energy
for F-CH,0 is —3.47 and —3.51 eV by using the 1R/3L and 3R/
4L models, respectively, and the deviation is <2%. For F-CH,, the
adsorption energy is —1.94 and —2.03 eV using the 1R/3L and
3R/4L models, respectively, and the deviation is <5%. For OH,
the adsorption energy is —3.31 and —3.35 eV using the 1R/3L
and 3R/4L models, respectively, and the deviation is <2%. On
the basis of these agreements between the thin and thick models,
we wished to use the 1R/3L thin model for computing the
potential energy surfaces of furfural hydrogenation conversion. It
is also found that ZPE correction has negligible effect on the
computed adsorption energies: the largest effect is found for OH
(—3.42vs —3.31 eV), and the smallest effect is found for F-CH,
(—1.95 vs —1.94 V).

For the relevant gas phase species, we used a cubic box with
side length of 15 A to calculate the structures and total energies.
The geometry optimization was performed until all forces acting
on the atoms were smaller than 0.02 eV/A and the energy
difference was lower than 107* eV.

Surface adsorption takes place on the topmost layer of the slab.
All adsorbed species were allowed to relax to their optimized
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positions. The adsorption energy, E, 4, was calculated according
to eq 1, in which Ey/q,, is the total energy of the slab with
adsorbed species in its equilibrium geometry, Egy,, is the total
energy of the slab, and Ey is the energy of the free adsorbates in
gas phase. Therefore, the more negative the E 4, the stronger the
adsorption. All energetic data include ZPE correction, and those
without ZPE correction are provided for comparison. It shows
clearly that ZPE correction has a negligible effect on the
computed kinetic and thermodynamic data; this is the same as
found for reactions on iron surfaces’”*® and iron carbide
surfaces.”’

Eads = EX/slab - Eslab - EX (1)

The activation energy barrier (E,) and reaction energy (E,)
were calculated by using eqs 2 and 3, where Eg, Erg, and Egg are
the energies of the corresponding initial state (IS), transition
state (TS), and the final state (FS), respectively.

E, = Erg — Egg ()

E, = Epg — Egg (3)

3. RESULTS AND DISCUSSION

3.1. Adsorption of Intermediates. The top and side
reviews of the Cu(111) surface are shown in Figure 1. There are
four potential exposed sites for adsorption, i.e.; top (t), bridge
(b), 3-fold face-centered cubic site (fcc) over a third layer atom,
and 3-fold hexagonal close-packed site (hcp) over a second layer
atom.

(a). Adsorption of Furfural, Furfuryl Alcohol and 2-
Methylfuran. Furfural (F-CHO) has both cis and trans
configurations, and the trans one is slightly more stable than
the cis one by 0.02 eV, in agreement with the previous theoretical
results”’ and experimental findings from IR and Raman
spectroscopy studies.”” We have calculated the adsorption of
cis- and trans-furfural on the Cu(111) surface and found two
types of stable adsorption configurations: (i) tilted adsorption, in
which the furfural molecule is adsorbed in a tilted position by the
interaction between the C=0 double bond and the surface; (ii)
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Table 2. Adsorption Energies E 4 (eV) and Bond Distances (A) of trans- and cis-Furfural As Well As Furfuryl Alcohol and 2-

Methylfuran on the Cu(111) Surface

28

configuration E g, dca-o exp
trans tilted —0.91/-0.93“ (—=0.90/PBE-D2;*" —0.07/PBE;*' —0.16/PBE) 2.161 (2.16/PBE-D2;"' 2.20/PBE;"" 2.256/PBE) —0.53
trans perpendicular —0.64/—0.63" (—0.30/PBE) 2.045 (2.087/PBE)
cis tilted —0.88/—0.89" (—0.19/PBE) 2.259 (2.248/PBE)
cis perpendicular —0.74/—0.72* (—0.17/PBE;*® —0.24/PBE) 2.107,2.638 [(2.05, 3.08)/PBE;** (2.174, 2.860)/PBE]
furfuryl alcohol —0.97/-0.96" (=1.10/PBE-D2;*" —0.15/PBE;*' —0.16/PBE) 2.381 (2.25/PBE-D2;"' 2.35/PBE>") —-0.30
2-methylfuran —0.92/-0.93% (—0.19/PBE) —0.16

“Values including ZPE correction.

06 ©o-6-0
TS (H-H)
04 m “ (0.46) |
0.2 — w ‘f‘
H,(z) ©-0-O
oo |- 2 H |
(-0.08)
02
0.4 Q. A H{fec)+H(fcc)
’ B9 TS {Hyep/Hicd) o-0-0 (remote)
\H{fcc)+H(hcp) {-0.49) Hifcc)+H(fcc) {(-0.47)
adl {-0.57) {-0.56)
0.8

Figure 2. Potential energy surface of H, dissociative adsorption and H diffusion (energy is in eV; copper/blue, hydrogen/yellow).

perpendicular adsorption, in which the furfural molecule is
almost vertical to the surface with the O atom of the C=0 group
interacting with surface Cu atom. The adsorption configurations
and their structural properties are listed in Figure 1 and Table 2,
respectively. As shown in Table 2, the contribution of ZPE
correction to the adsorption energies is very small; and the
maximal change is only 0.02 eV.

In the tilted adsorption configuration, the O7 atom of the C=
O group is in contact with the top site of one surface Cu atom;
the Cu—O7 distance is 2.161 A; and the C6 atom is over the fcc
site of the surface with Cu—C6 distances of 2.821, 2.916, and
3.029 A, as well as the Cu—O7—C6 angle of 108.0°, indicating a
nonparallel adsorption. In addition, the Cu—O7-C6—C2
dihedral angle of 94.4° indicates that the furan ring is tilted
away from the surface. The computed adsorption energy (—0.93
eV) is in agreement with the reported value (—0.90 eV) by using
PBE-D2.>" Apart from this tilted adsorption configuration, we
also computed the perpendicular one, in which the furan
molecular plane is nearly vertical to the surface. The Cu—07
distance is 2.045 A, and the Cu—O7—C6—C2 dihedral angle is
178.0°. However, the perpendicular adsorption configuration is
less stable than the tilted one (—0.63 vs —0.93 eV). On the basis
of the rather long Cu—C6 distances in the tilted adsorption
configuration, it is easy to conclude that it has the #'(O) surface
bonding mode.

In addition, we computed both tilted and perpendicular
adsorption configurations for cis-furfural; the adsorption energy
is —0.89 and —0.72 eV, respectively. In the tilted adsorption
configuration, the Cu—O7 distance is 2.259 A, and the Cu—C6
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distances are 2.814, 3.033, and 3.157 A. The corresponding Cu—
07-C6 angle is 102.6° and the Cu—0O7—C6—C2 dihedral angle
is 87.4°. In the perpendicular adsorption configuration, the
distances of Cu—0O7 and Cu—O1 are 2.107 and 2.638 A,
respectively.

As shown in Table 2, the optimized Cu—O distances from PBE
to PBE-D3 are very close, but the PBE-D3 adsorption energies
are much stronger than those of PBE, indicating the contribution
of dispersion correction. On the basis of the experimentally
estimated heat of adsorption of furfural (—0.53 €V),** the
computed adsorption energy is strongly overestimated by PBE-
D3 (—0.93 eV) while badly underestimated by PBE (—0.16 V).
The experimental value is curiously just the average value of PBE-
D3 and PBE.

Furthermore, we also computed the adsorption structures and
energies of furfuryl alcohol (F-CH,OH) and 2-methylfuran (F-
CH,). For furfuryl alcohol, the most stable adsorption has the
oxygen atom of the OH group at the top site with the Cu—O
distance of 2.381 A, and the furan ring is nearly parallel over the
surface. For 2-methylfuran, the molecule face covers the surface
without direct bonding interaction, and the shortest Cu—C4 and
Cu—H distances are 2.718 and 2.563 A, respectively. The
computed adsorption energies for furfuryl alcohol and 2-
methylfuran are —0.96 and —0.93 eV, respectively, and they
are larger than the experimentally estimated heats (—0.30 and
—0.16 eV,”® respectively) of adsorption, indicating the strong
overestimations of PBE-D3.

(b). H, Dissociative Adsorption. Because H, has been used in
furfural conversion, we computed the H, dissociative adsorption
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on the Cu(111) surface by using PBE-D3. The adsorption
configurations and their structural properties are listed in Figure
2 and Table 3, respectively. For the adsorption of H, parallel to

Table 3. H, Dissociation Barrier (E,/eV) and Energy (E,/eV)
As Well As Critical Bond Distances (A) in the Transition State

Ea Er dH—H dCu—H
0.59/0.54° —0.55/—0.49¢ 1.288 1.548, 1.562
0.5/PW917° —0.2/PW917° 1.1/PW917°
0.54/PW917° —0.31/PW917
0.54/PW91”’ —0.53/PW91”’ 1.02/PW91”’

“Values including ZPE correction.

the surface, the shortest Cu—H distances are 2.960 and 3.022 A,
and the adsorption energy is only —0.08 eV, indicating very weak
physisorption. However, the adsorption of two H atoms is much
stronger, and the most stable coadsorption configuration has one
H atom at the fcc site and the other at the hcp site. Most
importantly, they share one surface Cu atom with the distance
between two H atoms of 2.957 A, and the corresponding Cu—H
distances are 1.730, 1.737, and 1.745 A as well as 1.735, 1.737,
and 1.745 A, respectively. The dissociative adsorption energy of
H, is —0.57 eV, indicating a thermodynamically favorable
process. This computed dissociative adsorption energy agrees
very well with the experimentally determined heat of adsorption
on Cu/SiO, catalyst (—0.60 eV>"), on supported Cu catalysts
(=0.56 + 0.31 eV;”' —0.58 eV’*), and on Cu polycrystalline
(—0.62 + 0.06 €V'®) as well as on other types of copper
catalysts.”*

In the transition state TS(H—H), both H atoms are at the top
site with the H—H distance of 1.288 A, and the Cu—H distances
are 1.548 and 1.562 A. The computed H, dissociation barrier is
0.54 eV, in agreement with the reported values of about 0.5 eV
using PW91 (Table 3).”*~"7 Furthermore, we also computed the
diffusion ability of H atom on the surface, and the computed
diffusion barrier from one hcp site to the next fcc site is only 0.08
eV, which is in close agreement with the previous study (0.14
eV),”® indicating the high mobility. At such very low coverage, it
is also found that the remote coadsorption of two H atoms is 0.10
eV less stable than the one in which both H atoms share one Cu
atom (Figure 2).

For the adsorption of one H atom, the structural properties are
listed in Table 4. The adsorption energies at the fcc and hep sites
are very close (—2.55 and —2.54 eV), in agreement with the
experimental value (—2.43 €V)” as well as the reported results

Table 4. Adsorption Energies E 4 (€V) and Bond Distances
(A) of H Atom on the Cu(111) Surface

E,q4q deu-n exptl
H at the fcc Site
—2.55 (-0.33% —0.31%) 1.743, 1.743, 1.752 —2.437
—2.55/PW9177 1.75/PW91”’
—2.43/PBE*’ 1.78/PBE™

(~0.34%/PW917%)

H at the hep Site
1.744, 1.746, 1.750
1.75/PwWo1”’

—2.54 (—0.32% —0.30")
—2.55/PW9o1”’
—2.42/PBE®
(~0.33%/PW917%)

“Related to gaseous H,. bValues including ZPE correction.
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(—2.43 and —2.42 €V).* It is also noted that the PBE computed
adsorption energies of —2.42 and —2.43 eV are closer to the
experimental value than those of PBE-D3, indicating negligible
dispersion correction.

(c). H,0 Dissociative Adsorption. Because H,O is a principal
product from furfural hydrogenation, we computed H,O
dissociative adsorption using PBE-D3 for direct comparison
with the available results.”””®*'~** The adsorption config-
urations and their structural properties are listed in Figure 3 and
Table §, respectively. Actually, we can use the reverse reaction for
discussing H,O formation in furfural conversion.

It is found that H,O has a flat adsorption configuration at the
top site, with the Cu—O distance of 2.297 A and an adsorption
energy of —0.32 eV, in perfect agreement with the experimental
value (—0.35 eV)* and larger than the reported results by using
PW91 (—0.21,"% —0.19,* —0.24,*> and —0.18 eV**) without
dispersion correction. However, it is also noted that the
experimentally determined heat of adsorption of H,O on the
Cu/SiO, catalyst (—0.54 eV°) is larger than the PBE-D3 value,
and this might apparently be due to the additional interaction of
H,O with the support.

The most stable coadsorption configurations of O and OH are
located at the neighboring fcc sites, in agreement with the
previous studies. The adsorption energies of OH and O (to
gaseous O,) are —3.31 and —1.66 €V, respectively, in close
agreement with the reported results (—3.18 and —1.94 eV,
respectively).”

On the basis of the H,O adsorption configuration, we
computed its dissociation, which has a barrier of 1.28 eV and is
slightly endothermic by 0.02 eV. In the transition state TS(HO—
H), both dissociating HO and H are still over the top site, with
Cu—O0 and Cu—H distances of 2.044 and 1.679 A, and the
breaking O—H distance is 1.597 A. In the dissociated state (HO
+ H), both OH and H are located at the fcc sites, and they share
one surface Cu atom. Such coadsorption is less stable than the
remote coadsorption by 0.06 eV.

On the basis of the stably remote OH and H coadsorption
configuration with OH vertically located at the fcc site, we
computed OH dissociation, which has a barrier of 1.64 eV and is
endothermic by 0.75 eV, indicating that OH dissociation is
neither kinetically nor thermodynamically favorable. In the
transition state TS(O—H), the dissociating O is still over the fcc
site, with Cu—O distances 0f 2.017, 1.933, and 1.939 A, and the H
atom moves to the top site with the Cu—H distance of 1.576 A;
the breaking O—H distance is 1.674 A. In the dissociated state (O
+ H), both O and H are located at the fcc sites, and they also
share one surface Cu atom. Such coadsorption is less stable than
the remote coadsorption by 0.10 eV. Because H, has a
dissociative adsorption energy of —0.57 eV and dissociation
barrier of 0.54 eV, the two H atoms from H,O dissociation will
stay stably on the surface rather than show recombinative
desorption with a very high barrier of ~1.04 eV. With respect to
the gaseous H,0 molecule, the formation of adsorbed surface O
and gaseous H, is endothermic by 0.76 eV.

3.2. Mechanism of trans-Furfural Conversion to 2-
Methylfuran. On the basis of the most stable adsorbed trans-
furfural in the tilted configuration, we computed the full potential
energy surface of furfural (F-CHO) conversion to furfuryl
alcohol (F-CH,OH) and subsequently to 2-methylfuran (F-
CH,). As shown in Scheme 1, the conversion of F-CHO to F-
CH; can be largely conducted through four competitive
pathways (R1 and R2 as well as R3 and R4) and therefore is
very complex. Because the H atom has close adsorption energy at
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Figure 3. Potential energy surface of H,O dissociative adsorption (energy is in eV; copper/blue, hydrogen/yellow, oxygen/red).

Table 5. H,O Stepwise Dissociation Barrier (E,/eV), Dissociation Energies (E,/eV) and Critical Bond Distance (dg_y/A)

E

a

1.50 (1.28")/PBE-D3
1.36/PW9177
1.01/Pw917®
1.40/PBE®
1.01/PBE*
1.34/PW91**

1.83 (1.64”)/PBE-D3
1.76/PW9177
1.51/Pwo17®
1.78/PBE™
1.76/PW91**

“Dissociation energies related to remote

Er

H,0 — TS(HO-H) - OH + H
0.14 (0.02"; 0.08%/—0.04"" /PBE-D3)
0.37 (0.01%)/PW91”’

—0.12 (—0.23%)/PW917®
0.26/PBE*!

0.34/PBE®

0.35 (—0.01%)/PW91**

OH - TS(O-H) - O+ H

0.85 (0.75%; 0.75%/0.65“* /PBE-D3)
1.06 (0.48%)/PW9177

0.55 (0.37%)/PW917®

0.65/PBE®

1.06 (0.48%)/PW91**

coadsorption are given in parentheses. *Values including ZPE correction.

dO—H

1.597/PBE-D3
2.23/PW91”’
1.59/PW917®
1.67/PBE®!

1.674/PBE-D3
1.61/PW91”’
1.52/Pw917®

Scheme 1. Potential Reaction Pathways of Furfural Conversion to 2-Methylfuran
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searching the transition state. For exploring the full potential
energy surface, however, the computed energy barrier and
reaction energy, including ZPE correction, are based on the
stable species without direct coadsorption interactions. The

close to the substrates for
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selected structural parameters of the initial state (IS), transition
state (TS), and the final state (FS) are given in the Supporting
Information. It shows that ZPE correction does not affect the free
energy barriers and reaction free energies significantly, and
qualitatively, both sets of data show the same trend (Supporting
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Figure 4. Top (above) and side (below) views of all the optimized geometries for the reaction route R1 (surface/blue, carbon/black, hydrogen/yellow,

oxygen/red; F represents the furan ring).

(a). The R1 Route. The first reaction route begins with
hydrogen addition to the carbon atom of the C=O group,
leading to the alkoxyl intermediate (R1, F-CHO + H — F-
CH,0). The formed F-CH,O can either be hydrogenated to
furfuryl alcohol (R1-1, F-CH,OH) or dissociate directly into
surface alkyl (F-CH,) and O atom (R1-2, F-CH, + O). The
formed F-CH,OH can further either dissociate directly into F-
CH, and OH (R1-1-2a, F-CH,0H — F-CH, + OH) or be
hydrogenolyzed into F-CH, and H,O (R1-1-2b, F-CH,OH + H
— F-CH, + H,0). The overall formed F-CH, as well as O or OH
groups can be hydrogenated to F-CHj; and H,O. On the basis of
the most stable tilted adsorption, we computed the coadsorption
of F-CHO and H atom. The optimized structures of the adsorbed
intermediates are given in Figure 4.

In the coadsorbed structure (IS1), the H atom is located at the
hep site. In the transition state (TS1), the forming C6—H
distance is 1.657 A. In the F-CH,O (FS1), the adsorption of the
O7 atom is at the hcp site with Cu—O7 distances of 2.030, 2.166,
and 2.021 A. The computed barrier is 0.54 eV, in close agreement
with the available data (0.56 and 0.46 eV°'). The reaction is
exothermic by 0.32 eV.
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For the formation of F-CH,0OH (FS2) along Rl1-1, we
calculated the coadsorption geometry of the H atom and F-
CH,O (1S2), where the H atom is at the hcp site, and the O7
atom is at the bridge site. In the transition state (TS2), the
forming O7—H distance is 1.360 A, and the H atom moves to the
top site with the Cu—H distance of 1.709 A. The O7 atom is at
the bridge site with Cu—O7 distances of 2.219 and 2.031 A. The
computed barrier is 1.17 eV, in close agreement with the available
values (1.15 and 1.12 éV°"). The reaction is endothermic by 0.24
eV. It is noted that for the adsorption of F-CH,OH, the
adsorption configuration in FS2 is the most stable and has the O7
atom at the top site with the Cu—O7 distance of 2.381 A.

Following the R1-1 route, the next step is the dehydroxylation
of F-CH,0H to F-CH, and OH (R1-1-2a). On the basis of the
most stable adsorption configuration of F-CH,OH (IS3 = FS2),
we computed the dissociation transition state (TS3) and
products (FS3). In TS3, the OH group is shifted to the bridge
site with Cu—O7 distances of 2.141 and 2.052 A, and the
breaking C6—07 distance is 1.955 A. In FS3, the OH group is
vertically located at the fcc site with Cu—O7 distances of 2.046,
2.016, and 2.068 A, and the formed F-CH, is located at the top
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Figure S. Top (above) and side (below) views of all the optimized geometries for the reaction route R2 (surface/blue, carbon/black, hydrogen/yellow,

oxygen/red; F represents the furan ring).

site via the C6 atom with the Cu—C6 distance of 2.082 A. The
computed energy barrier is 1.01 eV, and the reaction is
exothermic by 0.29 eV. In addition, we also tried intensively to
obtain the hydrogenolysis step (R1-1-2b) on the basis of a
coadsorbed state of F-CH,OH and H; however, we could not
find any reasonable transition states. Those with very long C—O
and very short O—H distances as well as very short C—O and
very long O—H distances are very high in energy; therefore, the
hydrogenolysis step of F-CH,OH has been excluded. In contrast,
Xia et al.*® reported the H-assisted F-CH,OH dissociation into
F-CH, (F-CH,0H + H - F-CH, + H,0) and found a very low
barrier for the reaction (0.11 eV). However, this result is
questionable because they did not use the coadsorbed F-CH,OH
and H as the initial state; instead, they used F-CH,—OH, as the
initial state, where the O—H bond is already formed (1.004 A),
and this explains why the reaction barrier is very low.

The last step is the formation of F-CH; (R1-1-3) starting from
the coadsorbed F-CH,, OH and H as the initial state. In the most
stable coadsorption configuration (IS4), there are practically no
changes for the coadsorption of OH and F-CH, (FS3), and the H
atom is located at the fcc site. In the transition state (TS4), the H
atom goes to the top site with the Cu—H distance of 1.619 A, and
the forming C6—H distance is 1.639 A. In the final state (FS4),
the OH is still vertically located at the fcc site. The computed
energy barrier is 0.64 eV, and the reaction is exothermic by 0.42
eV. The parallel and competitive route to R1-1-3 is H,O
formation from the coadsorbed F-CH,, OH, and H. In the
transition state [TS(HO—H)], the H atom and OH group move
from the fcc sites to the top sites with Cu—O7 and Cu—H
distances of 2.051 and 1.747 A, and the forming O7—H distance
is 1.578 A. The computed reaction barrier is 1.07 eV, and the
reaction is slightly endothermic by 0.04 eV. Compared with the
hydrogenation of F-CH, leading to F-CH;, H,0O formation is
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neither kinetically (1.07 vs 0.64 eV) nor thermodynamically
(0.04 vs —0.42 eV) favorable.

On the coadsorbed state of F-CH;, OH, and H, we computed
H,O formation. In the transition state [TS(HO—H)'], both the
H atom and OH group move from the fcc sites to the top sites,
and the bond distances of Cu—O7 and Cu—H are 2.033 and
1.778 A, respectively. In addition, the forming O7—H distance is
1.531 A. The computed barrier is 1.20 eV, and the reaction is
slightly endothermic by 0.10 eV. These values are close to those
(1.32 vs 0.04 V) on the clean surface, as shown in Figure 3,
indicating that H,O formation should be not competitive, and F-
CHj; formation is favorable both kinetically and thermodynami-
cally. For F-CHj, the molecule face covers the surface without
direct bonding interaction, and this is the same as found on the
clean surface.

The alternative way to R1-1 is the dissociation of F-CH, 0O into
F-CH, and O (R1-2). Starting from the initial state (ISS = FS1),
we computed the transition state (TSS) in which the O7 atom is
moved to the bridge site with Cu—O7 bond distances of 1.925
and 1.951 A, and the breaking C6—07 distance is 1.910 A.TheF-
CH, group is nearly parallel to the surface, and the C6 atom is
located at the top site with the Cu—C6 distance of 2.736 A. In the
final state (FSS), the O7 atom is located at the fcc site with Cu—
07 distances of 1.902, 1.901, and 1.908 A, and the F-CH, species
is adsorbed at the top site through the C6 atom with the Cu—C6
distance of 2.083 A, which is almost the same as that (2.082 A) of
FS3. The computed energy barrier is 1.18 eV, and the reaction is
endothermic by 0.33 eV. Compared with the H addition step (F-
CH,0 + H - F-CH,OH), this dissociation is less favored
thermodynamically by 0.09 eV, although both steps have very
close energy barriers (1.17 vs 1.18 eV). Therefore, F-CH,O
dissociation and hydrogenation should be competitive.

The subsequent step is the formation of F-CHj, starting from
the coadsorbed O, F-CH, and H (IS6), where the coadsorbed O
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Figure 6. Top (above) and side (below) views of the optimized geometries for the reaction routes R3 and R4 (surface/blue, carbon/black, hydrogen/

yellow, oxygen/red; F represents the furan ring).

and F-CH, are nearly the same as found in FSS, and the H atom is
located at the fcc site. In the transition state (TS6), the H atom
goes to the top site with the Cu—H distance of 1.630 A, and the
forming C6—H distance is 1.669 A. At the same time, the Cu—C6
distance is elongated from 2.088 to 2.400 A. In the final state
(FS6), the remaining O6 atom is still located at the fcc site, and F-
CHj; is over the surface. The computed barrier is 0.56 €V, and the
reaction is exothermic by 0.43 eV, which is similar to the R1-1-3
step (0.64 vs —0.42 eV). The parallel and competitive route to
R1-2-2 is the formation of OH from the coadsorbed F-CH,, O,
and H. In the transition state [TS(O—H)], the O7 atom is still at
the fcc site with Cu—O7 distances of 1.958, 1.948, and 2.030 A,
while the H atom moves to the top site with the Cu—H distance
of 1.536 A, and the forming O7—H distance is 1.633 A. The
computed barrier is 0.95 eV, and the reaction is exothermic by
0.38 eV. Compared with the hydrogenation of F-CH, leading to
F-CH;, OH formation is less favorable kinetically by 0.39 eV,
although both steps have very close reaction energies (—0.38 vs
—0.43 eV).

On the coadsorbed state of F-CHj, O, and H, we computed
the formation of OH. In the transition state [TS(O—H)'], the
Q7 atom is still at the fcc site with Cu—QO7 distances of 1.953,
1.992, 2.030 A, while the H atom moves to the top site with the
Cu—H distance of 1.635 A, and the forming O7—H distance is
1.557 A. The computed barrier is 1.03 eV, and the reaction is
exothermic by 0.37 eV. These values are close to those (0.99 vs
—0.65 €V) on the clean surface (Figure 3). Considering the high
barriers (1.03 and 1.20 eV, respectively) of OH and H,0O
formations, F-CH; formation is favorable both kinetically and
thermodynamically.

(b). The R2 route. The alternative reaction route starts with
the formation of 2-furanyl(hydroxy)methyl (R2, F-CHOH),
which can be either hydrogenated into F-CH,OH (R2-1) or
dehydroxylated into 2-furanylmethylene (F-CH) and OH (R2-
2). The formed F-CH,OH can further dissociate into F-CH, and
OH (R1-1-2), and the formed F-CH can be hydrogenated into F-
CH, (R2-2'). The final formation of F-CH; and H,O completes
the reaction. The optimized structures are given in Figure S.

On the basis of the stable adsorption configuration of F-CHO
and H atom (IS7), the H atom is located at the fcc site, which is
close to the O7 atom of the carbonyl group. As found in IS1, the
O7 atom is located at the top site. In the transition state (TS7),
the C6=07 bond length increases from 1.262 to 1.290 A, and
the forming O7—H distance is 1.411 A. The H atom goes from
the fcc site to the top site with the Cu—H distance of 1.813 A, and
the C6 atom is located at the top site with the Cu—C6 distance of
2.673 A as well as the shortest Cu—Q7 distance is 2.680 A. In the
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final state (FS7), the C6 atom of the hydroxyl—alkyl group (F-
CHOH) is located at the top site with the Cu—C6 distance of
2.097 A. The computed barrier is 0.74 eV, in agreement with the
reported data (0.74 and 0.71 eV°'), and the reaction is
endothermic by 0.27 eV. Compared with the Rl step, H
addition to the O7 atom is neither kinetically (0.74 vs 0.54 eV)
nor thermodynamically (0.27 vs —0.32 eV) competitive.
Nevertheless, we carried out the subsequent steps for
comparison.

The next step is the formation of F-CH,OH through hydrogen
addition (R2-1). In the stable coadsorbed state of F-CHOH and
H (IS8), the H atom is located at the fcc site close to the CH
group. In the transition state (TS8), the H atom is at the top site
with the Cu—H distance of 1.629 A, the F-CHOH species is
roughly parallel to the surface with the shortest Cu—C6 distance
of 2.733 A, and the forming C6—H distance is 1.793 A. The final
state (FS8) is the same as discussed above (FS2). The computed
barrier is 0.68 eV, which is higher than the reported value (0.45
eV°"), and the reaction is exothermic by 0.35 eV. The formation
of F-CH; and H,O follows the same way as discussed above.
Apart from hydrogen addition, we also computed the
corresponding hydrogenolysis step with the formation of F-
CH, and OH (F-CHOH + H — F-CH, + OH); however, the
computed barrier is very high (1.43 eV), and the reaction is
exothermic by 0.44 eV and, therefore, not favored kinetically with
the respect of F-CH,OH formation (R2-1).

The competitive route to R2-1 is the formation of F-CH
through C—O dissociation (R2-2). Starting from the adsorbed F-
CHOH (IS9 = FS7), we computed the dissociation transition
state (TS9) in which both OH and methylene groups are
adsorbed at the top sites with Cu—0O7 and Cu—C6 distances of
2.134 and 1.949 A, respectively, and the breaking C6—07
distance is 1.965 A. In the final state (FS9), the formed OH group
is located at the fcc site with Cu—O7 distances of 2.003, 2.019,
and 2.111 A, and the C6 atom is located at the fcc site with Cu—
C6 distances of 2.060, 2.106, 2.109 A, while at the same time, the
neighboring C2 and C3 atoms of the furan ring also interact with
the surface Cu atoms with the Cu—C2 distance of 2.252 A and
the Cu—C3 distance of 2.182 A. The computed barrier is 1.22 eV,
and the reaction is endothermic by 0.18 eV; therefore, this step is
also neither kinetically nor thermodynamically competitive with
F-CH,OH formation (R2-1).

For the subsequent formation of F-CH, from hydrogen
addition to F-CH, we computed the coadsorption of OH, F-CH,
and one H atom (IS10) in which the H atom is located at the hcp
site close to the methylene carbon atom and the F-CH group has
the same adsorption structure as found in FS9. In the transition

DOI: 10.1021/acscatal.5b00303
ACS Catal. 2015, 5, 4020—4032


http://dx.doi.org/10.1021/acscatal.5b00303

ACS Catalysis

Research Article

00l FCHOa* 2t
r (-0.29)
04} ; TS11 ""v..
i \ (-0.68)
o8 4 {TS9 Y
) i LTS8 (1.22)  (121) (104
-12r A - o ds) (=1.24)
\ (13 | SSD \ /TS(O-H)
B Vo TSEU ATS2(-1.32)\ )/ \ TS(HO-H)
\ \ F-CH+O+4H; : / y A\ (-1.56)
=1.63) *\ \ AR § (£1.60) - ST A4T) (-1.61)
161 63) %\ : V17 TTS(O-H) ’ |
1T Vo / TSO-HY 3 TS(HO-H)' -
3 \F-COWSH |/ \F-CHYOH3H; X\ | \%
2.0 F-CHOH+3H/ 4 :
A7) -190) | \ (-2.16) 2,
L 2. ; 3 :
v ; o 3
24r % (249 | B3 S
o) £
i % < o)
=z e} £
2.8 ;S— X .
k- ¥ el - X
B [
- O % 5 %
32 3 3 3 z e
% s
L 3 3
36f 3
4.0

Figure 7. Potential energy surfaces (in eV) for trans-furfural conversion to 2-methylfuran on the Cu(111) surface (F represents the furan ring).

state (TS10), the H atom moves to the top site with the Cu—H
distance of 1.582 A, and the C6 atom of the methylene group is at
the bridge site with Cu—C6 distances of 1.990 and 2.201 A while
the forming C6—H distance is 1.635 A. The final state (FS10) is
the same as FS3 discussed above. The computed barrier is 0.61
eV, and the reaction is exothermic by 0.83 eV. The parallel and
competitive route to R2-2’ is the formation of H,O from the
coadsorbed F-CH, OH, and H. In the transition state [TS(HO-
H)"], the H atom and OH group move from the fcc sites to the
top sites with Cu—O7 and Cu—H distances of 2.008 and 1.769 A,
and the forming O7—H distance is 1.636 A. The computed
reaction barrier is 1.02 eV, and the reaction is exothermic by 0.14
eV. Compared with the hydrogenation of F-CH leading to F-
CH,, H,O formation is neither kinetically (1.02 vs 0.61 €V) nor
thermodynamically (—0.14 vs —0.83 eV) favorable. The
formation of F-CH; and H,O follows the same way as discussed
above.

(c). The R3 and R4 Routes. The third and fourth reaction
routes start with the direct dissociation of the F-CHO group
either into surface O and F-CH (R3) followed by the
hydrogenation until the formation of F-CH; and H,O or into
F-CO and H (R4), followed by C—O dissociation and stepwise
hydrogenation until the formation of F-CH; and H,O. The
optimized structures are shown in Figure 6.

Starting from the most stable adsorption of F-CHO (IS11),
the dissociation transition state (TS11) and final state (FS11)
have been computed. In TS11, the O7 atom is located at the hep
site with Cu—O7 distances of 2.062, 2.019, and 1.943 A, and the
methylene carbon is located approximately at the top site with
the Cu—C6 distance of 1.943 A. The breaking C6—07 distance is
2.052 A. In FS11, the oxygen atom is located at the fcc site with
Cu—07 distances of 1.899, 1.901, and 1.902 A, while the F-CH
group is located at the fcc site with the same adsorption
configuration as found in FS9. The direct C=0 dissociation has
a very high barrier of 1.88 eV and is highly endothermic by 0.78
eV.

For the F-CHO dissociation into F-CO and H (R4), we
computed the dissociation transition state (TS12) and final state
(FS12). In TS12, the H atom is located at the top site with the
Cu—H distance of 1.566 A, and the F-CO species is located
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approximately at the bridge site with Cu—C6 and Cu—O7
distances of 2.060 and 2.090 A, respectively. The breaking C6—H
distance is 1.771 A. In FS12, the H atom is located at the hcp site
with Cu—H distances of 1.731, 1.723, and 1.743 A, while the F-
CO group is over the fcc site through the CO group with the
Cu—07 distance of 2.112 A and Cu—C6 distances of 2.047 and
2.174 A, respectively. The C—H direct dissociation has a barrier
0f0.96 eV and is endothermic by 0.40 eV. In comparison with the
lower barrier and exothermic reaction energy (0.54 and —0.32
eV, respectively) of F-CH,O formation from F-CHO hydro-
genation in the R1 route, the direct C=O and C-H
dissociations in the R3 and R4 routes are not competitive
kinetically and thermodynamically on the basis of their higher
barriers (1.88 and 0.96 eV, respectively) and endothermic
reaction energies (0.78 and 0.40 eV, respectively). Therefore,
such direct C=0 and C—H dissociations under hydrogenation
condition can be ruled out, and we avoided their subsequent
reactions.

3.3. Potential Energy Surface. On the basis of the above
discussion, we plotted the full potential energy surface, including
ZPE correction (Figure 7), on the basis of a step-by-step
comparison for general comparison, that is, searching all possible
paths for a given adsorbed species obtained from the previous
step and continuing only those reaction paths with the lowest
reaction barriers while discarding those with obviously higher
barriers. Because the direct C=0 and C—H dissociations in the
R3 and R4 routes have very high barriers (1.88 and 0.96 eV,
respectively) and are highly endothermic (0.78 and 0.40 eV,
respectively), they are not included in our comparison.

As shown in Figure 7, the first hydrogen addition step toward
F-CH,O formation is more favorable than F-CHOH formation
both kinetically (0.54 vs 0.74 eV) and thermodynamically (—0.32
vs 0.27 eV). This clearly shows the preference of F-CH,0O
formation. In the subsequent reaction starting from F-CH,O,
hydrogen addition toward F-CH,OH formation has a barrier of
1.17 eV and is slightly endothermic by 0.24 eV, while the direct
C—O dissociation into F-CH, and O has a barrier of 1.18 eV and
is endothermic by 0.33 eV. This shows that both steps are
competitively favorable kinetically and thermodynamically.
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In the dehydroxylation step of F-CH,OH, the C-O
dissociation has barrier of 1.01 eV and is exothermic by 0.29
eV. From the formed F-CH,, the formation of F-CHj; has a
barrier of 0.64 eV and is exothermic by 0.42 eV. The final step is
the formation of H,O from the surface OH group. The barrier is
1.20 eV, and the reaction is slightly endothermic by 0.10 eV. The
formation of 2-methylfuran from furfural hydrogenation is
exothermic (—1.61 eV).

On the basis of these results, it is interesting to discuss the rate-
determining step in the whole reactions. As shown in Figure 7,
there are two competitive steps (R1-1 and R1-2): F-CH,OH
formation from F-CH,O hydrogenation and F-CH,O dissocia-
tion. For F-CH,OH formation, F-CH, O hydrogenation with the
highest barrier (1.17 eV) should be the rate-determining step.

For F-CHj; formation from F-CH,O dissociation (F-CH,0 —
F-CH, + O) and hydrogenation (F-CH, + O + 3H — F-CH; + O
+ 2H or F-CH, + OH + 2H), F-CH; formation and OH
formation are parallel and competitive, and H,O formation is
sequential. The barrier of F-CH,O dissociation is higher than
those (1.18 vs 0.56 or 0.95 V) of the formation of F-CH; or OH.
In addition, F-CH,O dissociation is endothermic (0.33 eV), and
the formation of F-CH; and OH is exothermic (—0.43 and —0.38
eV, respectively). Therefore, F-CH,O dissociation has the
highest barrier and should determine the reaction rate, and the
formation of F-CH} is more favorable and competitive kinetically
and thermodynamically than that of OH. With the coadsorbed F-
CHj;, O, and 2H, the subsequent H,O stepwise formation from O
and H as well as from OH and H has barriers of 1.03 and 1.20 eV,
respectively. Considering the full reaction, the barrier of F-CH,O
dissociation is comparable with that of H,O formation. Since the
formed F-CHj has low adsorption energy and can desorb easily
from the surface, the surface will be free of F-CHj, the barrier of
H,O formation (1.32 eV) on the clean surface should be the
upper limit of the whole conversion, and H,O formation should
also be the rate-determining step depending on the reaction
conditions. This might explain the observed F-CH,OH selective
formation at low temperature and the increased yield of F-CH; at
high temperature.

On the basis of the high barrier of H,O formation from OH
and H, we considered the possible OH accumulation and OH
disproportionation reaction (20H — H,0 + O). On the
Fe(100) and Fe(110) surfaces with accumulated OH species
(high OH coverage), Liu et al. 5%’ reported that OH
disproportionation is more favorable kinetically than OH direct
hydrogenation, leading to H,O. On the Cu(111) surface with
two coadsorbed OH groups at the neighboring fec sites, it is
found that OH disproportionation has a barrier of only 0.17 eV
and is slightly endothermic by 0.06 eV. In the transition state
TS(H—OH), one OH group is at the fcc site, the second OH
group moves to the top site, and the breaking O—H distance is
1.077 A, while the forming O—H distance is 1.431 A. In the final
state, the formed H,O is at the top site and the O atom is at the
fcc site. On the basis of this very low barrier of OH
disproportionation, it can be concluded that OH accumulation
on the Cu(111) surface should be very unlikely. Because OH
disproportionation always forms one surface O, the removal of
the last surface O should follow the successive hydrogenation
step with the formation of H,O.

For F-CHj; formation from F-CH,OH, the highest barrier is
found on the step of F-CH,OH into F-CH, and OH (1.01 V),
which is lower than that of H,O formation from OH and H (1.20
eV). Therefore, H,O formation should be the rate-determining
step in F-CH,OH conversion to F-CHj.
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It is also interesting to correlate our data with those from
experimental studies obtained on a Cu/SiO, catalyst at 230—290
°C.** A typical transmission electron microscopy (TEM) image
of the prepared Cu/SiO, catalyst shows a good dispersion of
metallic copper clusters with an average particle size of about 3
nm on the silica support after a pretreatment conducted in pure
H,.** It is found experimentally that F-CHO and F-CH,OH can
form an equilibrium under hydrogen-rich conditions. Our results
(Figure 7) show that the barriers of F-CH,OH dehydrogenation
and dissociation are very close (0.93 vs 1.01 eV), and both steps
also have very close reaction energies (—0.24 vs —0.29 eV). This
shows a perfect agreement between theory and experiment.

Computationally, we found that F-CH,O dissociation into F-
CH, and O has an energy barrier very close to that of F-CH,O
hydrogenation to F-CH,OH, and F-CHj; and F-CH,OH should
be formed in close quantities. However, this apparently disagrees
with the experimental findings, in which F-CH,OH is the major
product and F-CHj is the minor product. Inspections into the
experimental condition reveal no disagreement with our
computations. This is because a very high H,/feed ratio (25:1)
was used in the experiment, and such a high H,/feed ratio will
shift the reaction to the formation of F-CH,OH and suppress F-
CH,O0 dissociation.

It is found experimentally that water can suppress furfural
conversion, especially at low temperatures. This finding also
agrees with our computed results. As the last step of the
conversion (Figure 7), H,O dissociation and formation have
almost the same barriers, and they form an equilibrium.
Increasing the H,O content will shift the reaction toward the
formation of the surface OH and H, and such coadsorbed species
will block the available surface sites and consequently suppress
furfural conversion.

The final issue is the selectivity of furfural conversion mainly to
furfuryl alcohol from the hydrogenation of the C=0 bond, with
only a small amount of 2-methylfutan, obtained from a
subsequent C—O cleavage in furfuryl alcohol.”* On the basis of
the potential energy surface, one might conclude that 2-
methylfuran should be the only product, since the computed
barrier of F-CH,OH dissociation is even lower than that of F-
CH,0 hydrogen addition (1.01 vs 1.17 €V). This disagreement
might come from the very strongly overestimated adsorption
energy of F-CH,OH of PBE-D3 in comparison with the available
experimentally estimated heat of adsorption (—0.96 vs —0.30
eV). Because of the low heat of adsorption of F-CH,OH and the
high H, dissociative adsorption energy (—0.60 eV),”® the
hydrodeoxygenation of F-CH,OH might not obey the
Langmuir—Hinshelwood mechanism. Instead, it might follow
the Eley—Rideal mechanism in which F-CH,OH comes from the
gas phase.

It is now interesting to compare our results with those
computed on the Pd(111) surface.’”***"** On Pd(111), F-
CHO has a flat adsorption configuration in which both the C=0
group and the five-membered aromatic ring bind to the surface,
the C=0 group is located at the bridge site, and the furan ring is
centered at the 3-fold fcc site. This is different from the tilted
adsorption of F-CHO on the Cu(111) surface. In addition, the F-
CHO adsorption energy (—1.83 éV/PBE-D3* and —2.38 eV/
PBE-D2°") on the Pd(111) surface is much stronger than that on
theSICu(lll) surface (—0.93 eV/PBE-D3 and —0.90 eV/PBE-
D2%Y).

On Pd(111), the thermodynamically favored products are
furan and CO, and their formation is exothermic by 1.46 €V,
whereas the formation of F-CH,OH is endothermic by 0.56
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eV.* Therefore, furan should be the principal product, and this is
in agreement with the experimental observation.”” Most recently,
Wang et al’> used PBE-D3 to investigate the coverage-
dependent selectivity of furfural conversion on the Pd(111)
surface and found that the hydrogenation selectivity changes
with coverage-dependent adsorption configurations.

4. CONCLUSIONS

In this work, we investigated the full potential energy surface of
furfural conversion to 2-methylfuran on the Cu(111) surface
using density functional theory with the latest correction for the
long-range dispersion interaction (PBE-D3). All reported
energetic data include ZPE correction. Our goal is the full
reaction mechanisms in explaining the experimentally observed
selectivity and reactivity as well as the suppressing effect of H,O
in furfural conversion. Our results not only provide the insights
into Cu-catalyzed furfural selective conversion but also broaden
our fundamental understanding into deoxygenation reactions of
oxygenates involved in the refining of biomass-derived oils.

It is first found that long-range dispersion correction
overestimates the adsorption energy of furfural (—0.93 vs
—0.53 eV), furfuryl alcohol (—0.96 vs —0.30 eV), and 2-
methylfuran (—0.93 vs —0.16 eV), whereas those of H, (—0.57 vs
—0.62 + 0.06 ¢V) and H,0O (—0.32 vs —0.35 eV) can be
reproduced nearly quantitatively, indicating that it should be
critical in discussing the reaction barriers and reaction energies in
furfural conversion.

On the basis of our detailed comparisons, the formation of an
alkoxyl group from the first H addition is kinetically and
thermodynamically more favorable (F-CHO + H — F-CH,0),
and the second H atom addition leading to the formation of
furfuryl alcohol is the rate-determining step (F-CH,O + H — F-
CH,OH). For 2-methylfuran formation from furfuryl alcohol
dissociation into surface alkyl and OH groups (F-CH,OH — F-
CH, + OH), the successive H,O formation from surface OH and
H is the rate-determining step (OH + H — H,0). In addition,
the formation of 2-methylfuran from the dissociation of the
alkoxyl group (F-CH,0 — F-CH, + O; F-CH, + O — F-CH,)
should be competitive with the formation of furfuryl alcohol. For
the selective formation of furfuryl alcohol, hydrogen coverage on
the surface should play the decisive role, and the high hydrogen
concentration should accelerate F-CH,0 hydrogenation and
suppress F-CH,O dissociation.

The experimentally observed selective formation of F-CH,OH
under hydrogen-rich conditions (H,/furfural = 25) can be
explained on the basis of different reaction mechanisms. Because
of the strong and comparable adsorption energies of F-CHO and
H,, F-CH,0OH formation obeys the Langmuir—Hinshelwood
mechanism in which the dissociatively adsorbed H atoms and F-
CHO can coadsorb onto the surface. Because of the lower
adsorption energy of F-CH,OH, 2-methylfuran formation from
F-CH,0OH should follow the Eley—Rideal mechanism with
furfuryl alcohol from the gas phase (F-CH,OH — F-CH, + OH;
F-CH, + H — F-CH; and OH + H — H,0). Both the reaction
mechanisms and the proposed rate-determining steps can
explain the observed selectivity of F-CH,OH formation at low
temperature and the increased yield of F-CH; at high
temperature.

The observed equilibrium of F-CHO/F-CH,OH conversion
from F-CH,OH can be explained by the comparable kinetic and
thermodynamic parameters of F-CH,OH dehydrogenation and
dissociation. The observed effect of water suppressing furfural
conversion, especially at low temperature, can be explained by
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the equilibrium of water-dissociative adsorption (H,0 = OH +
H), the added H,O will shift the reaction toward OH and H, and
they will block the adsorption sites for furfural conversion. To
improve the conversion of furfuryl alcohol to 2-methylfutan, it is
also necessary to fine-tune hydrogen coverage on the surface to
enable the coadsorption of furfuryl alcohol and hydrogen as well
as to remove the formed water from the surface. Despite the fact
that our single study is not extensive on the basis of the complex
surface structures of catalysts, one can see that it is necessary to
modify catalysts to have a higher adsorption ability of furfuryl
alcohol as well as a lower adsorption ability of H, and H,O and to
accelerate H,O formation by lowering the barriers.
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