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Abstract—The catalytic conversion of glucose to
glycolaldehyde is a promising method. However, the intricate
details of this transformation mechanism remain unclear. In
this study, Density Functional Theory calculations were
employed using generalized gradient approximation under
periodic boundary conditions to investigate the mechanism of
glucose converting to glycolaldehyde on the WO5(020)
surface. Four glucose adsorption configurations and their
interactions with the surface were systematically examined.
The potential conversion mechanisms were analyzed through
energy barriers and reaction energies. Two pathways for the
transformation of glucose into glycolaldehyde were proposed:
one involving the further conversion of 1,2-ethenediol formed
from glucose cleavage into glycolaldehyde, and the other
where erythrose formed from glucose cleavage proceeds to
glycolaldehyde. Comparative analysis reveals that the
activation energy barrier (1.02 eV) for the conversion of
erythrose formed from glucose degradation to glycolaldehyde
is lower than the activation energy barrier (1.61 eV) for the
conversion of 1,2-ethenediol formed from glucose degradation
to glycolaldehyde. Hence, glycolaldehyde is more likely
derived from the erythrose formed during glucose degradation.
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I. INTRODUCTION

In recent years, glycolic acid has attracted significant
attention as a raw material for resin production.
Glycolaldehyde serves as a precursor to glycolic acid, which is
currently synthesized through various methods involving
formaldehyde, propylene glycol, or ethylene glycol. Although
traditional glycolaldehyde production techniques are valuable
for quantitative manufacturing purposes, they involve the use
of petrochemicals, catalysts, and microorganisms, necessitating
significant waste management. As petroleum reserves decline
and carbon dioxide emissions rise, research has turned towards
cleaner, more sustainable alternative resources.[1-8]

Catalytic

Biomass stands out as the Earth's exclusive renewable
carbon source, offering a promising foundation for sustainable
fuel and chemical production.[9-14] Cellulose, the most
prevalent biomass component, makes up 35 to 50% of
lignocellulosic materials.[15] Its inedible nature sets it apart
from starch, allowing for extensive use without endangering
food supplies. Consequently, the catalytic conversion of
cellulose into fuels and chemicals has gained increasing
attention from the academic and industrial communities.
However, the inherent resistance of cellulose presents a
formidable challenge for its targeted depolymerization under
gentle and eco-friendly conditions. The conventional use of
inorganic acids for cellulose hydrolysis raises substantial
environmental issues, whereas novel enzymatic degradation
methods remain costly and inefficient.[16-18] Conversely,
chemical catalysis pathways open up fresh avenues for the
direct conversion of cellulose into chemicals, particularly by
leveraging multifunctional catalysts to orchestrate cascading
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reactions leading to desired end products, thereby mitigating
undesired side reactions stemming from unstable
intermediates.[19-21]

Glucose, a repeating unit of cellulose, serves as a critical
chemical intermediate in the production of various synthetic
polymers within the petrochemical industry.[22] The
conversion of glucose to glycolaldehyde through aldol
condensation is a vital process for generating C2 products such
as ethylene glycol,[23-25] ethanol,[26-28] and glycolic
acid.[29-31] Zhang et al.[32] identified W-based compounds as
highly active and selective catalysts for cellulose C-C cleavage
to produce ethyl glycosides. Furthermore, the relatively high
activation energy (140-150 kJ/mol) required for C-C cleavage
enables the reaction to proceed more selectively at elevated
temperatures (above 200°C).[33-36].

The comprehension and clarification of the reaction
mechanism involved in the conversion of glucose to
glycolaldehyde are crucial for the multi-step cascade reactions
in cellulose transformation. Therefore, the WO3 catalyst was
selected to investigate the reaction mechanism of glucose
conversion to glycolaldehyde. For clarity, the entire work is
divided into two parts. In the first part, the reaction mechanism
involving the breaking of the C2-C3 bond in glucose to form
glycolaldehyde is studied. In the second part, the reaction
mechanism involving the cleavage of the C-C bond in the
glucose C2-C3 cleavage product, erythrose, to form

glycolaldehyde is investigated.
Il. COMPUTATIONAL METHODS

(a) (b)

Fig. 1. The optimized structures of glucose model molecule (a) and WO3(020)
surface(b) (color code: blue-W, red-O, grey—C and white—H).

Periodic DFT slab calculations were performed using the
Vienna ab initio simulation package (VASP)[37, 38]. Core and
valence electrons were modeled with the projector augmented
wave (PAW) method using a kinetic cutoff energy of 400 eV.
The generalized gradient approximation (GGA) combined with
the Perdew-Burke-Ernzerhof (PBE) functional describing the
exchange-correlation ~ functional was used in the
calculations[39, 40]. Brillouin zone integration was performed
with a 1x1x1 Monkhorst—Pack (MP) k-mesh. The self-
consistent field and force convergence criteria for structural
optimization were set to 1 x 10° eV and 0.01 eV/A,
respectively. The WO3(020) surface, modeled as a P(2x2)
supercell periodic slab with five layers, underwent energy
minimization, allowing relaxation of adsorbates and atoms in
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the upper two layers, while fixing atoms in the bottom three
layers. A 15 A vacuum layer separated surface slabs to prevent
image interaction. Atom numbering for glucose molecules is
referenced in Fig. 1(a), with the optimized WO3(020) surface
depicted in Fig. 1(b). The adsorption effects of glucose through
different atoms on the WO; surface were examined under
identical parametric conditions.

The optimization of transition-state structures utilized the
climbing image nudged elastic band (CINEB)[41] and dimer
methods[42], aiming to achieve force convergence within the
criteria of 0.03 eV/A. All identified transition states underwent
further confirmation as first-order saddle points through finite
difference normal-mode analysis, with only one imaginary
frequency obtained at the transition state.

The adsorption energy (E.is) was calculated by the
following:
E .=E (E

ads — —adsorbate+surface

surface + Eadsorbate) (l)

Where Eagsomate+surface 1S the total energy of the adsorbate
interacting with the surface slab, Egyq.ce IS the total energy of
the optimized surface slab, and Egsomate 1S the energy of the
intermediates in vacuum. Based on the above definition, a

negative E.q value indicates favorable (exothermic) adsorption.

The activation barriers (E,) and reactions energies (4E) are
defined as:

E,=Exs—Es @
AE =E —Ej (3)

Where E;s, E1s and Egs represent the total energies of initial
states, transition states and final states, respectively. Negative
value of AE refers to exothermic reaction.

I1l. RESULTS AND DISCUSSION

The mechanism of glucose conversion to glycolaldehyde is
illustrated in Fig. 2, where glucose undergoes cleavage to form
1,2-ethenediol and erythrose. Subsequently, 1,2-ethenediol can
be further transformed into glycolaldehyde through hydrogen
atom migration, whereas erythrose breaks its C4-C5 bond to
yield 1,2-ethenediol and glycolaldehyde. In this study, four
adsorption  configurations of glucose were primarily
investigated to select the most optimal configuration as the
starting point for calculations. This was followed by a thorough
exploration of the reaction mechanism of glucose converting
into glycolaldehyde on the WO3(020) surface.
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Fig. 2. The mechanism of glucose conversion to glycolaldehyde on WO;(020)
surface.
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A. The four adsorption configurations of glucose molecules

As shown in Fig. 3, the optimization of the adsorption
configurations of four glucose molecules on the WO; (020)
surface was conducted, and the corresponding differential
charge densities were calculated. The adsorption configuration
parameters and energies of glucose on the WQO3(020) surface
have been documented in Table 1.
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Fig. 3. The four adsorption configurations of glucosese molecules and
differential charge density on WO;(020) surface. (G1 (a), G2 (b), G3 (c), G4
(@)

Fig. 3(a) depicts glucose in G1 where C1, O1, O3, and O4

atoms are adsorbed above three W atoms on WO3(020)
surface. The C1-W bond length measures 2.178 A, while the
distances between O atoms (01, O3, and O4) and the closest
W atoms are 2.098 A, 2.228 A, and 2.340 A respectively. The
adsorption energy is calculated to be -3.06 eV. As illustrated in
Fig. 3(b), glucose in G2 is adsorbed on the WO(020) surface
through O1 and O3. The distances between O1, O3 atoms, and
the nearest W atom are 1.969 A and 2.281 A respectively, with
an adsorption energy of -2.57 eV. Fig. 3(c) demonstrates that
glucose in G3 adsorbs on WO3(020) surface through the O1
atom. The O1-W bond measures 2.025 A in length with an
adsorption energy of -1.52 eV. As shown in Fig. 3(d), glucose
in G4 anchors via the O5 atom on WO3(020), where the
distance between the O5 atom and the surface is 2.229 A, with
an adsorption energy of -1.64 eV. The agreement between the
results of differential charge density calculations and
adsorption energy calculations indicates that in the G1
configuration, glucose exhibits the strongest interaction with
the WO, surface and possesses a favorable geometric shape.
Hence, it was selected as the starting point for the conversion
process from glucose to glycolaldehyde..

TABLE 1: Aadsorption energies of glucose on wo3(020) surface and
configuration of glucose from this surface

Complexes configuration Adsgirtgtion Distance(A) | Eaus(eV)
Gl Cl-bound W 2.178 -3.06
O1-bound W 2.098
03-bound W 2.288
O4-bound w 2.340
G2 O1-bound W 1.969 -2.57
03-bound w 2.281
G3 O1-bound W 2.025 -1.52
G4 0O5-bound W 2.229 -1.64
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B. The reaction mechanism involved in the cleavage of the
C-C bond in glucose to form glycolaldehyde

The elementary reactions involved in the cleavage of the
cleavage of the C-C bond in glucose to form glycolaldehyde
are illustrated in Fig. 4. Fig. 5 shows the potential energy
surfaces involved in the conversion of glucose to
glycolaldehyde on WO3(020) surface. The geometric
parameters for initial states, transition states and final states of
elementary reactions involved in the conversion of glucose to
glycolaldehyde are listed in Table 2, with corresponding
reaction barriers and reaction energies summarized in Table 3.

(a) H-shift

(b) C2-C3 cleavage

Fig. 4. Top and side views of initial states, transition states , and final states of
elementary reactions involved in the cleavage of the C-C bond in glucose to
form glycolaldehyde.
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Fig. 5. The potential energy surfaces involved in the conversion of glucose to
glycolaldehyde on WO;(020) surface.

Following glucose adsorption on the WO; surface, the
transfer of the hydrogen atom (H3) from the hydroxyl group of
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C3 to the O atom on the aldehyde group. Geometrical
parameters in Table 2 indicate bond lengths of 1.856 A for 01—
H3 and 1.007 A for O3-H3 in the G1 structure. In the
transition state (TS1), these values changed to 1.210 A and
1.279 A, respectively. The activation and reaction energies for
this process were 0.13 eV and 0.30 eV, respectively,
suggesting a straightforward H transfer. Subsequently, the
cleavage of the C2-C3 bond in the product, formed by H
transfer, led to the generation of 1,2-ethylenediol and erythrose.
Bond lengths of C1-C2, C2-C3, and C3-0O3 in IM1 were
1.528 A, 1.563 A, and 1.437 A, respectively. Transitioning to
the transition state (TS2), these lengths changed to 1.464 A,
2.446 A, and 1.318 A, indicating C2-C3 cleavage and
simultaneous formation of C1=C2 and C3=0 double bonds.
The activation energy and reaction energy for C2—-C3 cleavage
to produce 1,2-ethylenediol were 1.52 eV and 0.03 eV,
respectively, signifying a slightly endothermic reaction. The
H2 atom of the hydroxyl group of the C2 atom migrates to the
C1 atom, forming glycolaldehyde. The calculated structure of
1,2-ethenediol displays bond lengths of 2.493 A and 0.984 A
for C1-H2 and 02-H2, respectively. In the transition state,
these values change to 1.263 A and 1.567 A, respectively, with
activation and reaction energies of 1.61 eV and -1.41 eV,
respectively. The elementary reaction of converting 1,2-
ethylenediol to glycolaldehyde, involving the breaking of the
C2-C3 bond in glucose to form glycolaldehyde, requires
overcoming the highest energy barrier. This could be attributed
to the relatively stable hydroxyl group in 1,2-ethylenediol,
making the O-H bond less prone to breaking.

TABLE 2: THE GEOMETRIC PARAMETERS (A) FOR INITIAL STATES (IS),
TRANSITION STATES (TS), AND FINAL STATES (FS) OF ELEMENTARY REACTIONS
INVOLVED IN THE CONVERSION OF GLUCOSE TO GLYCOLALDEHYDE.

Elregcetr;ga:]ry Parameter IS TS FS

H-shift O1-H3 1.856 1.210 1.006
0O3-H3 1.007 1.279 1.873

C2-C3 cleavage Cl-C2 1.528 1.464 1.378
C2-C3 1563 2.446 4.623

C3-03 1.437 1.318 1.300

ngzclfc?_'%_’ 01 H3 0.984 1263 2.029
C2-H3 2.493 1.567 1.105

H-shift 05-H5 1.004 1.378 2.102
03-H5 1.829 1.118 0.986

C4-C5 cleavage C3-C4 1.538 1.447 1.370
C4-C5 1.560 2473 4418

C5-05 1.422 1.335 1.285

TABLE 3: THE REACTION BARRIERS AND REACTION ENERGIES (AE) OF
ELEMENTARY REACTIONS INVOLVED IN THE CONVERSION OF GLUCOSE TO

GLYCOLALDEHYDE.
. Reaction .
Elementary reaction ) Reaction energy(eV)
barrier(eV)
H-shift 0.13 0.01
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C2-C3 cleavage 152 0.03
CHOHCHOH—CH,0OHCHO 1.61 -1.41
H-shift 0.17 0.04

C4-C5 cleavage 1.02 0.55

C. The reaction mechanism involved in the cleavage of the
C-C bond in erythrose to form glycolaldehyde

Erythrose, a C4 product resulting from the cleavage of the
C2-C3 bond in glucose, can also be further converted into
erythrose via C-C bond cleavage. The optimized structures,
including top and side views of the initial, transition, and final
states of all elementary reactions involved in the cleavage of
the C-C bond in erythrose to form glycolaldehyde on the
WO3(020) surface, are depicted in Fig. 6, with corresponding
activation barriers and reaction energies summarized in Fig. 7.
Comprehensive details regarding the initial states, transition
states, and final states involved in erythrose to form
glycolaldehyde on the WO3(020) surface are presented in
Table 2. Further insights into activation barriers and reaction
energies for these steps are succinctly summarized in Table 3

(a) H-shift

(b) C4-C5 cleavage

Fig. 6. Top and side views of initial states, transition states , and final states of

elementary reactions involved in the cleavage of erythrose to form
glycolaldehyde.

Similar to glucose, erythrose undergoes an initial H-atom
transfer reaction where the H5 atom transitions from the O5
atom to the O3 atom, resulting in the formation of intermediate
product IM2. Calculations reveal that the O5-H5 bond length
erythrose is 1.004 A, stretching to 1.378 A at the transition
state (TS4). The activation energy barrier for this process is
determined to be 0.17 eV, with a reaction energy of 0.04 eV.
Subsequently, the cleavage of the C—C bond in IM2 led to the
generation of glycolaldehyde and 1,2-ethylenediol. Bond
lengths of C3-C4, C4-C5, and C5-05 in IM2 were 1.538 A,
1560 A, and 1.422 A, respectively. Transitioning to the
transition state (TS5), these lengths changed to 1.447 A, 2.473
A, and 1.335 A indicating C4-C5 cleavage and simultaneous
formation of C3=C4 and C5=0 double bonds. The reaction
barrier and reaction energy for C4-C5 cleavage to produce
glycolaldehyde and 1,2-ethylenediol were 1.02 eV and 0.55 eV,
respectively. The cleavage of the C4-C5 bond in erythrose
leads to the formation of 1,2-ethylenediol, which can be further
transformed into erythrose through an H-atom transfer. In
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comparison, the energy barrier for the conversion of 1,2-
ethylenediol generated from glucose cleavage into erythrose is
higher than that for the further cleavage of erythrose produced

from glucose cleavage into erythrose ( 1.61eV VS1.02eV ).

1.06

Glycolaldehyde

Relative energy (eV)

M2

Erythrose

Reaction coordinate

Fig. 7. The potential energy surfaces involved in the conversion of erythrose
to glycolaldehyde on WO3(020) surface.

CONCLUSION

This study investigates the adsorption of glucose on the
WO, surface and the reaction mechanism of the catalytic
conversion of glucose to glycolaldehyde on WQO3(020) surface.
The glucose conformation adsorbed on the surface, involving
four atoms (C1, O1, O3, and O4), exhibits optimal geometry
with the lowest adsorption energy (-3.06 eV). This
conformation serves as the starting point for the catalytic
conversion of glucose to glycolaldehyde. Comparing the two
pathways for catalytic conversion of glucose to glycolaldehyde
on WO3(020) surface, The reaction barrier for the conversion
of 1,2-ethylenediol produced from glucose degradation to
glycolaldehyde is 1.61 eV, whereas the reaction barrier for the
conversion of erythrose resulting from glucose degradation to
glycolaldehyde is 1.02 eV. Therefore, in this investigation, the
pathway involving glucose degradation to erythrose, followed
by its subsequent breakdown to form glycolaldehyde, is
considered the faster route for glucose conversion to
glycolaldehyde.
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