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ABSTRACT: We report here, and rationalize, a synergistic effect between a non-noble metal oxide catalyst (CuO) and
high frequency ultrasound (HFUS) on glucose oxidation. While CuO and HFUS are able to independently oxidize glucose
to gluconic acid, the combination of CuO with HFUS led to a dramatic change of the reaction selectivity, with glucuronic
acid being formed as the major product. By means of DFT calculations, we show that, under ultrasonic irradiation of wa-
ter at 550 kHz, the surface lattice oxygen of a CuO catalyst traps H* radicals stemming from the sonolysis of water, mak-
ing the ring opening of glucose energetically non-favorable and leaving a high coverage of *OH radical on the CuO surface
which selectively oxidize glucose to glucuronic acid. This work also points towards a path to optimize the size of the cata-

lyst particle for an ultrasonic frequency which minimizes the damage to the catalyst, resulting in its successful reuse.

INTRODUCTION

Glucuronic acid is an important chemical both for social
and industrial reasons, for example it plays crucial role in
the detoxification of drugs and toxins. Glucuronic acid is
a promising intermediate in the fledgling, but fast
growing, renewable chemical industry, allowing the
synthesis of chemicals with improved performances. For
instance, glucuronic acid is a key precursor in the
synthesis of proteoglycans, glycoglycerolipids, ascorbic
acid, surfactants, and monomers such as glucaric and
adipic acids used in the fabrication of renewably-sourced
polymers.! The selective oxidation of glucose to
glucuronic acid (oxidation at the C6 position) remains a
formidable challenge in the field of catalysis. Indeed,
most of catalysts, including noble and non-noble metal
catalysts in combination with oxygen or hydrogen

peroxide, oxidize glucose at the anomeric position
(oxidation at the C1 position), leading to the formation of
gluconic acid instead of glucuronic acid (Scheme 1).2 To
circumvent this problem, the anomeric position of
glucose is protected by Fisher glycosylation3, or by
acetalizationt, or by reaction with phosphate groups>
prior the oxidation of the C6 position, followed by
deprotection of the Ci position. Wojcieszak and co-
workers® reported one of the rare examples of selective
oxidation of unprotected glucose to glucuronic acid (53%
yield), using a hydrazine neutralized basic cesium-
promoted gold nanoparticles as a catalyst. However, the
reaction mechanism and the origin for this unexpected
selectivity were not reported on. In other work reporting
on the catalytic oxidation of glucose, low selectivity to
glucuronic acid (< 5%) was always observed.” In the



current state of the art, glucuronic acid is produced by
fermentation routes which produces glucuronate salt,
thus requiring an extra acidification step (Scheme 1).®
The development of alternative catalytic technologies
capable of selectively oxidizing unprotected glucose to
glucuronic acid is an important scientific challenge,
which is addressed in this work.

When water is subjected to an ultrasonic irradiation at a
high frequency (100-800 kHz), small size gaseous
cavitation bubbles are formed (< 10 pm), which contain
sufficient
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amount of energy to dissociate water to H* and *OH
radicals.® On implosion of the cavitation bubbles, radicals
are propelled into the bulk solution where they react with
organic solutes. The selectivity of the resulting radical
reactions is quite difficult to control and, for this reason,
high frequency ultrasound (HFUS) is mainly used for the
total free oxidation of aqueous pollutants.® The ability to
control the selectivity of these radical oxidative reactions
is highly desirable to the implementation of this
technology to the synthesis of a variety of chemicals, such
as glucuronic acid, but it remains an elusive task. One
solution consists of the introduction of a catalyst during
the ultrasonic irradiation. This strategy, coined
sonocatalysis, has been previously explored, with the
focus being mostly on low frequency ultrasound (<20
kHz), i.e. the formation of radicals was very low and
mainly physical effects occur. In this case, the turbulent
flow and shock waves produced by the implosion of
cavitation bubbles improve the dispersion of
catalyst/reactant, mass transfer and, sometimes, prevent
the catalyst from coking, resulting in improved reaction
rates.® For instance, this strategy has been explored to
accelerate the iron-catalyzed oxidation rate of glucose
with hydrogen peroxide but, as expected, it yields
gluconic acid as the main reaction product”. To the best
of our knowledge, controlling the selectivity of radical
reactions induced by HFUS with the help of solid
catalysts has not been reported yet. To optimize the

reaction selectivity, in situ produced radicals by HFUS
should interact faster with the catalyst surface than with
organic solutes present in the bulk solution. In a
heterogeneous solution, the formation of cavitation
bubbles occurs preferentially on the particle surface via
heterogeneous nucleation.? In contrast to homogeneous
solution, implosion of cavitation bubbles on a solid
surface thus generates high-speed jets of liquid directed
towards the surface. It occurred to us that this physical
behavior could be a means to greatly increase selective
transfer of radicals produced inside the cavitation bubble
to a solid catalyst surface, and thus allowing better
control of the reaction selectivity.

Recently, we reported the catalyst-free oxidation of
glucose induced by HFUS. Surprisingly, the selectivity of
the reaction was significantly impacted by the nature of
the gaseous atmosphere. Under Ar, gluconic acid was
formed as a major product while under Oz glucuronic
acid was formed in a significant amount. Our efforts to
rationalize this difference of selectivity, and inspired by
our previous investigations in catalytic oxidation,* led us
to discover a synergistic effect between CuO and HFUS
on the glucose oxidation. While CuO and HFUS are able
to independently oxidize glucose to gluconic acid under
argon, the combination of CuO with HFUS led to a
complete reverse of the reaction selectivity, with
glucuronic acid being formed as the major product.
Through a combined experimental-theoretical approach,
we rationalize here the synergistic effect between CuO
and HFUS on glucose oxidation. In particular, we show
that, under ultrasonic irradiation of water at a high
frequency (550 kHz), the surface lattice oxygen of a CuO
catalyst traps He radicals stemming from the sonolysis of
water, eliminating the participatory role of H+ in the ring
opening of glucose and favoring the selective oxidation of
glucose to glucuronic acid. We also highlight that the
particle size of CuO is an important parameter governing
an optimal transfer of radicals from the cavitation bubbles
to the catalyst surface.

RESULTS AND DISCUSSION

In line with our previous report, under argon, the
catalyst-free ultrasonic irradiation of an aqueous solution
of glucose at high frequency (550KHz, 40°C) led to the
formation of gluconic acid (55% yield) as a major prod-
uct.3 DFT calculations performed at a Mog-2X/6-
3u++G(d,p) level of theory> using the Gaussian DFT
code® confirmed the preferential oxidation of the
anomeric position (calculated on the glucopyranose form
predominantly existing in water). The generation of He
and *OH radicals, as a consequence of cavitation bubbles
collapse, favors the ring opening of glucose and follows a
widely accepted concerted mechanism: (1) abstraction of
the H atom at the anomeric position by the *OH radical
(Ea = 2.6 kJ/mol, TS1a in Figure 1), forming water and (2) a
very energetically favorable addition of H* radical on the
oxygen atom of the ring (AE = -524.0 kJ/mol, Intib to
Int2b in Figure 1), which induce the ring-opening. The
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Figure 1. Potential energy profiles for glucose ring-opening
reaction in vacuum calculated at the Mos-2X/6-3u++G(d,p)
level of theory facilitated by HO®, HO*/ H;0* radicals (H* +
H.O). Label of structure: Int: intermediate compounds; TS:
transition state.

dehydrogenation on the C6 position of glucose is also a
feasible reaction, but with a higher activation energy
barrier (Ea = 14 kJ/mol3) than the ring opening path.
Interestingly, without assistance of H+ radicals, the ring
opening of glucose becomes significantly less favorable
energetically (Ea = 16.2 kJ/mol, TSz2a in Figure 1) than the
oxidation on the C6 position of glucose. Hence, we
hypothesize that if He radicals are completely suppressed
(i.e. only *OH radicals remain) during the sonolysis of
water, then glucose should be selectively oxidized to
glucuronic acid.

Previous studies have reported that *OH radicals bound
to CuO surface sites Cu3, while He radicals adsorb
strongly at under-coordinated lattice oxygen sites on the
surface of CuO.4>17 Adsorbed H+ radicals have a diffusion
barrier of 0.53 eV*® allowing migration and the reaction
with lattice oxygen to form H20 with a reaction energy of
-0.82 eV.7* This process then results in generating an
oxygen vacancy at the CuO surface,* 49 and a surface of
CuO covered by *OH radicals, as reported by Bhola et
al’® and Song et al® From these result, a reasoned
approach suggested that the association of CuO catalyst
with HFUS should be a viable strategy to in situ trap the
radical He, which would inhibit the ring-opening of
glucose, and thus would shift the selectivity of the
oxidation reaction towards glucuronic acid.

Unless otherwise noted, CuO used in this work was
prepared according to our previously reported
methodology'4* (see ESI for more details on CuO
characterization). In agreement with DFT calculations,
when CuO was introduced during the ultrasonic
irradiation of an aqueous solution of glucose under argon
(550 kHz, 80°C), the selectivity of the reaction was
changed and glucuronic acid was now obtained as a major
product, with 66% yield. A similar trend was observed
when other hexoses such as mannose and galactose were
tested under the same experimental conditions. In these
cases, the corresponding uronic acids were obtained with

70% and 64% yield from mannose and galactose,
respectively. CuO catalytic material can be up to 10 wt %
without affecting the reaction selectivity, suggesting that
CuO can be used in a catalytic amount and was therefore
in situ re-oxidized under HFUS conditions (discussed
later in the text). The in situ regeneration of CuO was
confirmed by XRD analysis, with XRD patterns of the
spent CuO being rigorously studied and showed similar
patterns to those of the fresh CuO (Figures Sia and Sib).

To obtain additional data, the catalytic reaction was
performed under silent conditions (i.e. 80°C, under Ar,
without HFUS). Under argon, CuO reacted with glucose
in a stoichiometric way, leading to the formation of
gluconic acid instead of glucuronic acid. This oxidation
under silent conditions occurs through the insertion of
surface lattice oxygen from CuO into the glucose,
resulting in a partial reduction of CuO to CunOn., as
confirmed by XRD analysis (Figure Sic) (ie. Mars-
Krevelen-type mechanism). On the basis of the gluconic
acid yield, we determined that about 93% of the oxygen of
CuO was consumed by glucose in this case (a value in line
with a previous work of Amaniampoing et al'4’) The
oxidation mechanism of glucose to gluconic acid over
bare CuO is discussed later in the manuscript. When this
partly reduced CuO was then treated by HFUS (50 mL of
water, 80°C, 550 KHz), XRD analysis unambiguously
confirmed that CuO was in situ re-oxidized under HFUS
conditions (Figure S4). DFT calculations we performed
confirm that the re-oxidation of CuO by *OH radicals is a
favorable energetic reaction (AE = -66 kJ/mol).
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Figure 2. The energy profile for glucose ring-opening process
under different conditions. Label of structure: Int1: adsorbed
glucose; Int2: Product of first step OH activation; Int3: ad-
sorbed open-chain glucose; TS1, TS2: transition states of step
1 and step 2, respectively. Color code: Large peach and red
balls represent Copper (Cu) and Oxygen (O) atoms of the CuO
substrate; and small white, grey, and red balls represent Hy-
drogen (H), Carbon (C), and Oxygen (O) atoms of the adsorb-
ates, respectively.



To rationalize this synergistic effect between HFUS and
CuO, we performed calculations with the periodic plane-
wave implementation of DFT using VASP (Vienna ab
initio simulation package).>* Under HFUS conditions, the
surface of CuO is covered by *OH radicals. Without
HFUS, the water splitting of H20 on Cu (11) of CuO is
energetically non-favorable (132 kJ/mol)>f and, in this case,
bare CuO surface was computed.

First the oxidation of glucose to gluconic acid was
investigated, with the ring-opening of glucose being the
key step®, energy profiles are shown in Fig. 2. The first
step of the glucose ring-opening is the dehydrogenation
of the hydroxyl attached to the C1 position (TS1 in Figure
2).»22 This step is feasible on both bare CuO surface
(barrier of 56 kJ/mol, TS1-1) and on CuO surface covered
by *OH radicals (HFUS, Ea = 74 kJ/mol, TS1-2). However,
the second step (hydrogen transfer to the ring, TS2 in
Figure 2), has very different behavior with or without
HFUS. On bare CuO surface, the barrier for this step is 47
kJ/mol (TSz2-1). Under HFUS conditions (with high
coverage of surface by the hydroxyl group), the barrier to
abstract the H* atom from a surface hydroxyl group and
transfer back to the ring has an extremely high barrier of
209 kJ/mol (TS2-3, Figure 2), due to the endothermic
energy of this process. If the hydrogen is abstracted from
a surface adsorbed water molecule, the barrier is lower
but still very high at 121 kJ/mol (TS2-2, Figure 2), which is
74 kJ/mol higher than the corresponding step on bare
CuO surface. These high barriers therefore, largely inhibit
the ring-opening of glucose on CuO surface under HFUS
conditions.

Then we investigated the oxidation of glucose to
glucuronic acid, on both the bare CuO surface and under
HFUS conditions (with the presence of surface HO* group
on CuO), Figure 3. The initial OH activation and the
subsequent CH dehydrogenation steps from the -CH20H
group of glucose forming “glucose-dialdehyde” on bare
CuO surface have barriers of 45 kJ/mol (TSi-1) and 83
kJ/mol (TS1-2), respectively, and the reaction is facilitated
by the under-coordinated oxygen of CuO(u1) surface.
These two steps are even more favorable with the surface
HO-* group present on the CuO surface under HFUS
conditions, with the CH dehydrogenation having a
relatively low barrier of Ea = 58 kJ/mol, TSz2-2.

Micro-kinetic modeling of glucose ring-opening on bare
CuO surface and under HFUS conditions (see SI for
detailed discussion) confirmed that the rate of glucose
open-chain formation was reduced to negligible values on
CuO with high coverage of surface *OH (assuming the
initial coverage of surface OH is 0.7 mono-layer (ML)
under HFUS conditions).
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Figure 3. Overall reaction network for the glucose oxidation
on CuO surface under HFUS conditions. Two pathways are
illustrated. The pathway where reactions are facilitated by
surface lattice oxygen of CuO is presented on the left side
and activation barriers are indicated by red color. The path-
way where reactions are facilitated by surface OH* group
generated under HFUS is presented on the right side and
activation barriers are indicated by green color. The bold
blue arrows are highlighted the more preferred pathway.
Color code is the same as the color code used in Figure 2.

On bare CuO surface, the subsequent oxidation of
“glucose aldehyde” requires an activation of the formyl
O=C-H bond which possess a very high barrier of 153
kJ/mol (TSi-3, Figure 3), making the formation of
glucuronic acid very unlikely through this mechanism.
Under HFUS conditions, the presence of high coverage
surface HO* groups on CuO opens an alternative pathway
for glucose oxidation. In this alternative pathway, glucose
is oxidized via the incorporation of surface HO- into
glucose aldehyde with a barrier of only 35 kJ/mol (TS2-3,
Fig.3). This type of reaction has also been proposed and
validated for alcohol oxidation on transition metals
catalysts.>+ After, the incorporation of surface HO* group,
the formed molecule (Figure 3) undergoes the C-H
abstraction either by surface lattice oxygen of CuO
(barrier of 57 kJ/mol, TS2-4, Figure 3) or facilitated by
adsorbed HO- group on CuO (slightly higher barrier of 66
kJ/mol), generating glucuronic acid as the final product.
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Figure 4. Kinetic profile of the reaction (10 wt% CuO, 80°C,
550 kHz, glucose concentration 20g.L", Pacoust. = 0.36 W.mL-

1).

To gain insight into the reaction mechanism, the kinetic
profile of the reaction was then recorded by plotting the
yield of the reaction products as a function of the reaction
time (Figure 4). Using 10 wt% of CuO under HFUS,
glucuronic acid was formed as a major product (66% yield
after 6 h of reaction). Fructose, commonly formed by
isomerization of glucose in water, was also detected at the
initial stage of the reaction, with a maximum yield of 8%
at 28% conversion. The isomerization glucose/fructose is
an equilibrated reaction and fructose is reconverted back
to glucose and then glucuronic acid, as illustrated in the
kinetic profile by a drop of the fructose yield at
conversion higher than 28%. To support this claim,
fructose was used as the starting material, affording
glucuronic acid with 70% yield. In this case, formation of
glucose was also initially observed with a maximum yield
of 5% at 50% conversion of fructose (see SI for detailed
kinetics).

Gluconic acid was also detected as a co-product, albeit in
a low amount (yield < 10%), Figure 4. The side formation
of gluconic acid may result from diffusion of H* and -OH
radicals into the bulk solution, leading to unwanted
oxidation of glucose to gluconic acid. When the catalyst
loading was varied from 5 to 60 wt%, the formation of
gluconic acid was decreased but not completely inhibited,
suggesting that the transfer of radicals produced by
cavitation bubbles to the CuO surface is not optimal
(Figure S5). The heterogeneous nucleation of cavitation
bubbles on a material surface is affected by the particle
size.® A particle with large surface area (lower particle
size) favors efficient nucleation and growth of cavitation
bubble, owing to enhanced cavitation bubble-solid
particles contact angles. In this context, the present
HFUS reactor was employed to prepare CuO, hereafter
named CuOprys, using our previously reported strategy
(sonication of an alkaline solution of CuNOj;)."4* Using the
same reactor and ultrasonic frequency for the catalyst
preparation and the oxidation of glucose is, in our views,
a good strategy to optimize the particle size of CuO to

that of the cavitation bubbles, thus to maximize the
transfer of radicals to the CuO surface. The optimized
particle sizes of CuOwrus (3.5-4.7 pm, 30 m?/g) are
approximately four order of magnitude lower than those
of CuO (10-24 pm, 18 m?/g) while the shape remained
similar as confirmed by SEM and TEM analysis (Figure
S7).

Pleasingly, over CuOwrus, formation of gluconic acid was
completely suppressed and glucuronic acid was formed
with a maximum vyield of 88% (95% selectivity at 93%
conversion), confirming that, in this case, radicals are
selectively transfer to the CuO surface and not into the
bulk solution, as above observed (Figure 5).

At 80°C, the other detected product was formic acid
stemming from the over-oxidation of glucose. The
formation of formic acid is however significantly more
important over CuO than over CuOprys, a result in line
with less efficient cavitation bubble/CuO interactions in
the former case. It is noteworthy that, in the presence of
CuOprus, formic acid was only detected at a conversion
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Figure 5. Plot of the selectivity as a function of the conver-
sion of glucose (a) CuO and (b) CuOnrus (10 wt% copper
oxide, 80°C, 550 kHz, glucose concentration 20g.L?, Pacoust. =
0.36 W.mL™).

higher than 80%, but its formation remained rather low
(< 10% yield at 93% conv. of glucose, Figure 5b).

As a control reaction, tert-butanol, a known radical scav-
enger in sonochemistry, was added during the reaction.
As expected, in this case, radicals were trapped and glucu-
ronic acid was no longer formed. Instead, we observed the
classical and stoichiometric oxidation of glucose to glu-
conic acid (21 % yield) by CuO, illustrating the synergistic
effect between CuO and HFUS in the selective oxidation
of glucose to glucuronic acid.

If the popular low frequency (<20 kHz) are known to
damage catalyst, mainly by abrasion resulting from
intense shock waves, this phenomenon is much less likely
to occur at HFUS for which cavitation bubbles are much



smaller (4 um at 550 kHz vs 170 pm at 20 kHz),% ¢ thus
considerably limiting the undesirable effects of shock
waves on catalyst stability. To assess the stability of
CuOunrys during the ultrasonic irradiation at a high
frequency, the CuOwnrus was filtered out at the end of the
reaction and reused as collected without any further
purification.

As anticipated, the CuOprys catalyst was found to be
stable and was successfully recycled at least five times,
without any appreciable decrease of the glucuronic acid
yield, confirming that abrasion of CuOprys was drastically
limited under HFUS. SEM analysis of the spent CuOwrus
catalyst showed no drastic change in morphology in
comparison to the fresh catalysts (Fig. S7c)
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Figure 6. Recyling of CuOnrus (80°C, 550 kHz, 10 wt% CuOn-
rus, glucose concentration 20g.L7, Pacoust. = 0.36 W.mL™).

CONCLUSION

We have provided theoretical and experimental evidence
for an alternative reaction pathway provided by
synergistic cavitation-copper oxide catalyst interactions.
That is, H* and *OH radicals generated during cavitation
bubble implosions in water are diffused onto the surface
of the CuO catalyst, and selectively promote the oxidation
of glucose to glucuronic acid under argon, in contrast to
the gluconic acid formation in homogeneous bulk liquid
solution. Through a combined experimental-theoretical
approach, we showed that He radical formed in situ by
sonolysis of water are trapped by the surface lattice
oxygen of CuO, making the ring opening of glucose
energetically non-favorable. Instead, the reaction takes an
alternative pathway oriented to the selective oxidation of
glucose to glucuronic acid, a valuable chemicals whose
synthesis remains a formidable scientific challenge in the
field of catalysis. These results, providing first-hand
insight into the participatory role of H+ in the overall
oxidation mechanism, also open a scientific line of
thought on the unexplained role of the atmosphere (O, vs
Ar) previously observed on the catalyst-free oxidation of
glucose assisted by ultrasound.> This aspect is the topic
of current investigations in our groups.

From a more general point of view, this work
demonstrates the general concept that the insertion of a
solid catalyst during ultrasonic irradiation of organic
solutes at a high frequency allows in situ radical reactions
to be finely controlled. It also points towards a path to

optimize the size of the catalyst for an ultrasonic
frequency which minimizes the damage to the catalyst
resulting in reusable catalyst.

EXPERIMENTAL SECTION

Preparation of Copper (II) Oxide Nanoleaves (CuO
NLs) under Low frequency ultrasound irradiation. All
chemical reagents were used without further purification.
In a typical synthesis method, 40 mL of 0.25 M NaOH
aqueous solution was added to 10 mL of 0.5 M Cu(NO,),
aqueous solution and a sky-blue suspension was obtained.
This suspension was subsequently exposed to a low
frequency ultrasound irradiation (19.95 kHz). Ultrasound
was generated by a Digital Sonifier S-250D from Branson
(power of standby P, = 27.0 W, nominal electric power of
the generator Peec = 8.2 W). A 3.2 nm diameter tapered
microtip probe operating at a frequency of 19.95 kHz was
used. The volume acoustic power of this system was P
acousvol = 0.25 W.mL" in water (determined by calorimetry
measurements)?’. The ultrasound probe was immersed
directly in the reaction medium and a minichiller cooler
(Huber) was used to control the reaction temperature at
25 °C. On completion of sonication at the desired time,
the dark brown precipitates were washed thoroughly with
distilled water and dried in an oven at 60 °C overnight.

Preparation of Copper (II) Oxide Nanoleaves (CuO
NLs) under High frequency ultrasound irradiation.
All chemical reagents were used without further
purification. In a typical synthesis method, 40 mL of 0.25
M NaOH aqueous solution was added to 10 mL of 0.5 M
Cu(NO;), aqueous solution and a sky-blue suspension was
obtained. This suspension was subsequently subjected to
an ultrasonic irradiation at high-frequency (550 kHz) and
at a controlled temperature of 40 °C (standby power P, =
13.9 W, nominal electric power of the generator Pejec =
70.4 W), with an acoustic power in water of Pacousvol = 0.44
W.mL" determined by calorimetry #”. A minichiller cooler
(Huber) was used to control the reaction temperature at
25 °C. On completion of sonication at the desired time,
the dark brown precipitates were washed thoroughly with
distilled water and dried in an oven at 60 °C overnight.

Sample characterization. The as-synthesized CuO
morphology was studied by SEM (JEOL JSM 6700F field
emission), TEM and HR-TEM (JEOLJEM-2100F). In each
run, approximately 50 mg of the catalyst was pretreated at
300 °C under a flow of He (30 mL min™), and then heated
to 700 °C with a ramp of 10 °C min™ in the stream of 5
vol% H,/Ar (40 mL min™). Surface area analysis was
determined by nitrogen physisorption on a Micromeritics
TrisStar apparatus. The specific area was calculated using
the Brunauer-Emmett-Teller (BET) equation.
Crystallographic analysis for the tested were performed by
means of XRD measurements in 260 mode on a Bruker
AXS D8diffractometer with CuKa (= 0.154056 A) radiation
at 40 kV and2o0 mA. XPS was performed on a Thermo
Escalab 250 spectrometer. The binding energy was
calibrated using Cis (284.6 eV) as a reference.

Carbohydrates oxidation. Oxidation of glucose (or
fructose, mannose, galactose) was carried out in a 250 mL



high-frequency ultrasonic reactor (SinapTec Ultrasonic
Technology, NextGen Lab 1000). Typically, 2.0 g of
glucose in 100 mL of distilled water was subjected to high-
frequency ultrasound irradiation at a controlled
temperature of 25 °C and a frequency of 550 kHz (standby
power P, = 13.9 W, nominal electric power of the
generator Peec = 46.1 W), with an acoustic power in water
of Pacousvol = 0.36 W.mL™* determined by calorimetry using
the procedure described in the literature.?”

Product analysis. Glucose and fructose were analyzed
using a Shimadzu HPLC equipped with a pump system
(LC-20AD), an autosampler SIL-10A, a controller CBM
20A, a refractive index detector from Waters and a Zorbax
NH2-column (250 ¥ 4.6 mm). A  mixture
acetonitrile/water (20:80) was used as a mobile phase (0.4
mL min™). Glucuronic acid and other acid products were
detected and quantified from the HPLC analysis by using
the Varian Pro Star HPLC equipped with an ICE-
COREGEL 107H column 300 x 7.8 mm from
Transgenomic, a UV/Vis detector (Varian Pro Star, 210
nm) and a refractive index detector (Varian 356-LC). A
H.SO, aqueous solution was used as the eluent with 0.4
mL.min* flow rate. External calibration of liquid
chromatography was performed using standards of
glucose, fructose, gluconic, formic and glucuronic acid
was quantified by the difference between the two HPLC
analyses.

Density Functional Theory (DFT) details.

The roles of OH®, H;O® radicals on the ring-opening
reaction of glucose by DFT calculations using Gaussian 16
RevA.o3 package® in the vacuum at the Mog-2X/6-
3u++G(d,p) level of theory.’s The Mos-2X functional
combined with the 6-3u++G(d,p) basis set was proved to
provide the best accuracy of the radical-molecule reaction
including the H-atom transfer especially the barrier-less
reaction with reactive radical like OH®2® All the
intermediate compounds (Int) and transition states (TS)
were identified by the number of imaginary frequencies
(o or 1, respectively). The intrinsic coordinate (IRCs)
calculations were also performed to verify if the TS were
well connected with the intermediate compounds. All the
relative energies on the potential energy profiles are
calculated in compared with the initial reactant, i.e.
glucose.

All first-principles calculations for adsorptions and reac-
tions on CuO(111) surface are performed based on periodic
boundary conditions and plane-wave pseudopotential
implementation of DFT using the Vienna ab-initio simu-
lation package (VASP) developed at the Fakultat fir
Physik of the Universitat Wien.>°®2°® Projector augmented
wave (PAW) method* employed with Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional? is used
to describe the interaction between valence electrons and
ions with a plane wave cut-off energy of 450 eV. We used
a k-points sampling of 3x3x1 with Monkhorst-pack
scheme for integration over the Brillouin zone in recipro-
cal space and spin polarization is turned on for all simula-

tions. The Generalized Gradient Approximation (GGA)
and the Hubbard correction U = 4.5 eV within the GGA+U
scheme was used to correct the electron delocalization
that occurs in strongly correlated systems such as
transition metal oxides.>*> 3 The optimized lattice
parameters for CuO with GGA+U method is a = 4.5597 A;
b = 3.6059 A; ¢ = 51782 A; B = 96.3385°, which also
matches very well with reported experimental data.>f CuO
catalyst is modeled by using the structure of p(4x2) slab
of the most stable CuO(111) surface with 4 layers and the
vacuum thickness of 15 A above the topmost layer was
employed to avoid interactions between repeted slabs.z¢
The bulk-like magnetic configuration was reported to be
the most stable arrangement for CuO() surface, and
therefore, was used for all calculations in this study.3
Geometries were fully relaxed using the conjugate-
gradient algorithm until the energy changes by less than
0.1 kJ/mol. Transition states were located using the
Climbing-Nudged Elastic Band (CI-NEB) method, and
frequency calculations confirmed the nature of the
transition states with only one imaginary vibrational
frequency.
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