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Our study presents a comprehensive approach for the selective oxidation of glucose to glucaric acid (GA) by
heterogeneous catalysis. We have synthesized and characterized Au/ZrO3, AuCu/ZrO and AuPt/ZrO; catalysts
using X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS),
and oxygen pulse chemisorption (OPS) techniques. Combining experimental observations with in-depth density
functional theory (DFT) studies, we found that bimetallic catalysts form alloys, which exhibit different charac-

teristics than monometallic counterparts for the given reaction. We performed batch reactions, varying tem-
perature and oxygen pressure, and used the data to construct a predictive microkinetic model. As it turned out,
AuPt/ZrO, showed the highest selectivity, yielding 32% of GA at 100 °C and 30 barg O,. Our results provide
valuable insights for the developing of efficient catalysts and point out the bottlenecks for the oxidation of

glucose to GA.

1. Introduction

The growth of our society, the limited supply of fossil fuels, and the
environmental impact of current industrial technologies have driven
research into bio-based and renewable chemical feedstock. In this sense,
biomass conversion has gained increasing attention in the last two de-
cades[1-3], because of the incredible variety of materials which can be
obtained [4].

Waste from lignocellulosic biomass is the most abundant renewable
source of organic carbon [5]. Its decomposition into individual mono-
mers such as glucose is well understood, but its further conversion into
value-added chemicals remains challenging. Glucose is an essential
feedstock that can be converted into several beneficial compounds by
hydrogenation, dehydration or fermentation. One of the promising
biomass-derived compounds, recognized by the U.S. Department of

Energy, is glucaric acid (GA)[6,7]. The latter is a very important
renewable ingredient in liquid detergents, a substitute for phosphates
(demand for GA has increased dramatically since the ban on the use of
phosphates), and is also used in the food, pharmaceutical, and chemical
industries (important intermediate in the production of bio-based adipic
acid).[8-13] Despite its importance, no scalable and cost-effective
technology has yet been developed to meet the growing market demand.

GA is industrially obtained by glucose oxidation with nitric acid and/
or bleaching agents, which is technologically demanding and not
ecological [14,15]. Although alternative methods such as electro-
catalytic and photocatalytic oxidation, [16-18] fermentation and
enzymatic biotransformation,[19-23] or oxidation using TEMPO or
related nitroxyl radical oxidants [24-29] have been proposed, glucose
oxidation with nitric acid remains the most economical method, due to
the low price of the oxidant. Another promising method for obtaining
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GA is the direct oxidation of glucose with air/oxygen and metal catalysts
on supports. The oxidation of glucose to gluconic acid (GU) (only the
aldehyde group is oxidised) in an aqueous solution is a well-studied
reaction[30-32], which is most successfully carried out with Au-based
catalysts [33-39]. The studies of the conversion of lignocellulosic
biomass to value-added chemicals have been expanded to bimetallic
catalysts as well [40]. On the other hand, the pathway of oxidation of
glucose in aqueous solution to GA using molecular oxygen has not been
fully elucidated. Originally, the reaction was carried out under alkaline
conditions using platinum-based mono- and bimetallic catalysts, and a
maximum yield of 54% was achieved with a Pt/C catalyst.[41] How-
ever, at higher conversion rates, an undesirable additional reaction oc-
curs, releasing free acids from their salts. Therefore, studies on the
base-free process gained much more interest.[42-44]. The reactions
were carried out in laboratory-scale reactors under high O, partial
pressure (27-bary), with GA yields up to 70%.[42] The activity of the Pt-,
Pt-Au supported metals was confirmed when the laboratory scale reac-
tion was carried out at neutral pH, resulting in even higher yields of up
to 74% [43,45-47]. The study on the effect of support, reaction pH, O4
pressure, and metal loading showed the importance of all of these pa-
rameters[43,46,48]. Moreover, the synergistic effect of each metal in
bimetallic catalysts was discussed in several studies, indicating the su-
periority of bimetallic over monometallic catalysts due to the formation
of the favourable electronic effect [37,38,46,49,50]. The latter is
signified by a difference in the surface electron density, which can
facilitate oxygen activation and furthermore oxidation of the terminal
alcohol. Several studies focusing on the comparison between mono- and
bimetallic catalysts were published [51], where the bimetallic materials
outperformed their monometallic counterparts. However, a clear reason
for this phenomenon has never before been clearly described. The
benefit of bimetallic particles in glucose conversion was recently re-
ported by Gao et al.[52], who demonstrated a clear benefit in using PtNi
alloy for the hydrogenation of glucose.

The literature on the mechanism and kinetic aspects of glucose
oxidation mainly focuses on the reaction step to GU, [53-58] while
further studies on oxidation to GA are relatively scarce. Moreover,
challenges such as the low selectivity for GA or the harsh reaction
conditions (high O, partial pressure or long reaction time) [49] still need
to be addressed to achieve a technological breakthrough.

In this work, a catalytic study of heterogeneous glucose oxidation on
gold-based mono- and bimetallic ZrO,-supported catalysts (Au, AuCu,
and AuPt) is presented. The synthesised catalysts were analysed by
transmission electron microscopy (TEM), oxygen pulse chemisorption
(OPS), X-ray diffraction (XRD) and X-ray photon spectroscopy (XPS) to
determine the surface properties of the synthesised catalysts. Later,
batch experiments were performed at different reaction times, temper-
atures, and partial oxygen pressures. Based on the obtained results, we
developed a microkinetic model to study the complex reaction pathway
in detail and to unravel the rate-limiting steps of the process itself for the
whole reaction pathway, from glucose to GA. The observed differences
in catalytic performance were additionally explained with DFT calcu-
lations, which revealed the importance of varying oxophilicity of
different catalysts and accessible active oxygen species.

2. Materials and methods
2.1. Catalyst Synthesis

Synthesis of catalysts: In a typical synthesis, 2 g of the support (ZrO5)
was dispersed in 40 mL of deionized HyO (dH20) (18.2 MQ). In addition,
279.9 mg of HAuCl4 x 3 HyO was dissolved in 10 mL of dH,O to load the
catalyst with 7 wt% gold. This solution was added dropwise to the
dispersed support under vigorous stirring. After 10 min, the pH was
raised to 8 by adding 2.5% NH4OH solution. The suspension was stirred
for another 2 h at room temperature. Then 160 pL of hydrazine hydrate
(80% aqueous solution) was added to reduce the metal ions. The loaded
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catalyst was collected by centrifugation, and the supernatant was dis-
carded and re-dispersed in dH»O. This procedure was repeated 3 more
times to wash the catalyst thoroughly. For the bimetallic catalysts, the
procedure was identical, except that 50 mol% of Au was replaced with
the appropriate metal. The weights were 119.7 mg PtCly, 85.9 mg Cu
(NO3)2 x 3 Hy0, and the catalysts were denoted as Au, AuPt and AuCu.

2.2. Catalyst characterisation

The phase composition of the crystalline samples was determined by
X-ray powder diffraction (PANalytical X'Pert PRO) at 45 kV with a
CuKal radiation source between 10° and 90°, a step size of 0.05, and a
counting time of 500 s. The recorded diffractograms were interpreted
with the Profex software package (ver. 5.1.0) using crystal structure data
from the Crystallography Open Database (COD).

The crystal structure and morphology of the nanoparticles were
analysed by transmission electron microscope (TEM, JEM-2100, JEOL
Inc.) operating at 200 kV. The micrographs were recorded by a slow-
scan CCD camera (Orius SC1000, Gatan Inc.) and analysed with Digi-
talMicrograph software (ver. 3.01.598.0, Gatan Inc.). The powder cat-
alysts were dispersed in EtOH(abs) and sonicated for 30 s in an
ultrasonic bath to prevent aggregation. The solution was dropped onto
commercially available amorphous carbon Ni-supported grids and
mounted in a double-tilt low-background Be holder.

Pulse chemisorption and TPD experiments were performed with the
four catalysts using the Micrometrics AutoChem II Chemisorption Ana-
lyser (Micrometrics, Norcross, GA, USA). The catalysts were pretreated
for 2 h in an Ar atmosphere at 120 °C. After pretreatment, the materials
were exposed to 15 pulses of 10% Oz in He (Messer, Bad Soden am
Taunus, Germany).

We performed X-ray photoelectron spectroscopy (XPS) to determine
whether the alloy leads to a shift in the binding energy of Au 4 f. The
latter would indicate an altered ability of the nanoparticles to activate
the reactants. The resolution of the analyser is 0.65 eV. The analysis was
performed with the PHI VersaProbe 3 AD (Phi, Chanhassen, US), which
uses a monochromatic Al Ka X-ray source. For charge neutralisation, the
charge of the sample was attenuated with two beams (electrons and
ions). The peak shift caused by the neutralisation was corrected by
shifting the peaks of the adventitious carbon species to 284.8 eV. We
measured the survey spectra at a transit energy of 224 eV with a step of
0.8 eV. The high-resolution spectra were measured with a transite en-
ergy of 27 eV and a step size of 0.05 eV. For the survey spectra, 2 sweeps
were performed, while for the high-resolution spectra, 20 sweeps were
performed. The spectral deconvolution was performed with the Multi-
pak software.

2.3. Glucose oxidation experiments

Catalytic activity tests were performed using six parallel 75 mL
stainless steel batch reactors (Parr 5000 series) mixed with a magnetic
stirrer set at 600 rpm. Each batch system was equipped with a liquid
phase sampling line to allow sampling of the liquid phase during the
reaction period. The reaction mixture comprised 40 mL of 0.25 M
aqueous glucose and 750 mg of catalyst. The concentration and mass
were chosen so that the glucose to active metal ratio was equal to 40.
Before the reaction, each autoclave was purged three times with N5 (5.0,
Messer, Bad Soden am Taunus, Germany), once with oxygen (Messer,
Bad Soden am Taunus, Germany) and then pressurised with oxygen to
16 or 30 bar gauge (5.0, Messer, Bad Soden am Taunus, Germany).

2.4. Liquid phase analysis

HPLC was used to determine the extent of glucose oxidation. It was
performed using a Thermo-Fisher Scientific UltiMateTM 3000 UHPLC
with DAD and RI. The column used was the Rezex RHM-Monosaccharide
H+ with a guard column of the same type. The mobile phase was pure
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water (18.2 MQ). The column was maintained at 60 °C with a flow of
0.6 mL min~!. Detection was performed using the RI detector.

Ionic chromatography (IC) was used to determine gluconic, glucur-
onic, glucaric, tartaric, tartronic, glycolic, oxalic, and formic acid. Acidic
reaction products were determined using a Dionex ICS 3000 ion chro-
matograph equipped with an eluent generator, a suppressor, and a
conductivity detector. Samples were collected at predefined times dur-
ing the reaction and refrigerated until dilution with MilliQ water,
filtration, and analysis. Satisfactory separation of analytes was achieved
on a Dionex IonPac AS11-HC, 4 x 250 mm analytical column in com-
bination with an appropriate precolumn (Dionex IonPac AG11-HC, 4
x50 mm). A KOH gradient was used, starting at 2 mM for 8 min, fol-
lowed by a 25 min stepwise increase to 35 mM KOH and then rinsing
with 100 mM KOH before injection of the next sample. The injection
volume was 10 pL, the flow rate was 1 mL min~!, and the column
temperature was 35 °C.

2.5. Microkinetic model

In order to develop a microkinetic model, a detailed reaction
pathway had to be constructed with all reactants, stable intermediates
and products detected during the catalytic activity tests. In this manu-
script, we propose a tentative reaction network (vide infra), which in-
cludes only stable intermediates. Since the microkinetic modelling was
performed based on experimental data, elementary reactions cannot be
included. The colour of each compound (except carbon dioxide) corre-
sponds to the line colour in the graphs of concentration and time below.

The purpose of the model is to describe a three-phase reaction sys-
tem, where oxygen solubility is in thermodynamic equilibrium at the
gas-liquid interface, competitive adsorption and desorption of all com-
pounds and the catalytic reaction on the catalyst active surface sites. We
calculated the concentration of reactants, intermediates, and products
by solving a set of ordinary differential equations (ODE), based on the
proposed reaction pathway regarding the following assumptions:

1. Under the reaction conditions applied, without metallic particles
present in the catalyst formula, there was no conversion. Therefore,
it is assumed that the reactions only occur on the surface of the
metallic nanoparticles.

2. Vacant sites suitable for adsorption are all equivalent and indepen-
dent of the overall coverage.

3. Each active (metal) site is covered by one organic or oxygen mole-
cule at a time since they adsorb competitively.

4. Adsorption and desorption constants of all organic molecules are
equivalent as they have a similar structure. The mentioned constants
are also a few orders higher than the surface reaction, to simulate the
reaction mechanism without internal or external mass transfer
resistance, which is not present, since the ZrO; powder used as
supporting material is submicron in size and relatively non-porous.
This means that the experiments were performed in such a
manner, where surface reaction rates govern the overall kinetic
regime.

5. The solubility of oxygen is calculated using Henry’s law at operating
reaction conditions (60-120 °C, 16 — 30-bar gauge Oo).

The adsorption rate (rj’ds) of each compound j depends on the
adsorption rate constant (kj"ds), its concentration in a liquid phase (CJ-L)
and the concentration of vacant sites (6ys), defined in Eq. (1).

P e Cl e, )

The desorption rate (9%) of each compound j depends on the
desorption rate constant (k{"**), coverage of j, adsorbed on the active sites
(6)) and moles of all active sites (nrs), defined in Eq. (2).

rfcs = kfes ® 5 e nyg (2)
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The surface reaction rate (r}“rf) of all compounds depends on the
surface reaction rate constant (kjsurf), the compound coverage on the
catalyst surface (6)), the concentration of oxygen (if oxygen is required
for the reaction to take place) on the surface (6p2) and moles of all
active sites (nys), defined in Eq. (3).

rjs“” = kj"“rf O 0O, enrs 3

Temperature and pressure data were recorded during the experiment
to calculate mass transfer rates, reaction rate constants and thermody-
namic properties such as oxygen solubility. In contrast, adsorption and
desorption constants were assumed to be temperature independent and
much higher than much slower reaction rate constants. The impact of
temperature on the surface reaction rate constants was applied to follow
the Arrhenius law, as shown in Eq. (4).

n T

k}ur[(Tz) _ k;ull(Tl) e eXp < l? ° <7 — 7> > (4)

The differential balance equations with respect to the assumed re-
action network are as follows (Egs. 5-9):
The general oxygen balance in the gaseous phase is shown by Eq. (5).

G
dng,

dr

-t (2 h)

The general balances of compounds in the liquid phase are calculated
by Eq. (6), where V1, is the volume of the liquid phase.

dcy s
T gads 10 6
@ e+ v (6)

The general oxygen balance in the liquid phase is calculated by Eq.
.
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The general balance for the active site coverage is calculated by Eq.
(8).
a8 _

dr

(i o Vi = st oz ) . ®
nrs
The general balance for vacant sites is calculated by Eq. (9).
devs
dt

, ) |
= (-viempr e sy g ) ©)

nts
The turnover frequency for each reaction is calculated by Eq. (10).

ki(T) @ 0;(1) @ Ok (1)

10
mass of active metal (10)

We use MATLAB 2021b software to solve the formulated system
numerically. The concentration profiles were solved as a function of
time with ODE23tb solver, an implicit Runge-Kutta formula, with a
trapezoidal rule step as its first stage and a backward differentiation
formula of order two as its second stage. Initial concentrations of all
compounds were set to zero, except for glucose concentration in the
liquid phase and the oxygen partial pressure in the gas phase.

2.6. Quantum chemical calculations

First-principle simulations were carried out with the Vienna Ab Initio
Simulation (VASP) programme v5.4.1 with the VTST tools [59-61]. To
describe the exchange correlation, the revised PBE functional (RPBE)
[62] was used. A GGA approach was adequate since catalytic surfaces
were metallic. To account for the dispersion interaction, poorly repro-
duced by GGA, a Grimme D3 correction was employed [63].

Electron-core interaction was described with the projector-
augmented wave pseudopotential [64,65]. It was found an energy
cut-off of 450 eV sufficed for well converged results. A force threshold of
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0.03 eV/A was used in converging energy-minimum structures and
saddle points, which were located using the dimer method [66,67]. They
were confirmed with a vibrational analysis using the finite difference
approach with a step of 0.01 A.

All simulated metals were described as extended surfaces (111 for fcc
metals) with four-layer slabs, the bottom two being frozen to their bulk
positions (see SI for lattice parameters obtained by energy optimizations
of their unit cells). The slabs were sampled at a gamma point because of
their size, totalling 100 atoms (5 x 5 supercells). The conventional
approach to estimating adsorption, reaction and activation energies was
used:

Euis = Eudsorved — Eadsorvate — Ecatatyst 10)
AE = Eprudm-t.\ — Ereactants (11)
Ey = Ers — Ereactans 12)

3. Results
3.1. Powder X-ray diffraction (XRD)

The crystal structure and phase composition of the synthesised ma-
terials were first analysed by XRD. Most diffraction peaks belong to the
baddeleyite - monoclinic ZrO,, S.G. P12;/cl [68]. After loading the
materials with Au, an additional peak appeared at 38.1°20, corre-
sponding to standard Bragg reflections of fcc Au (111). The samples
loaded with mixed AuPt or AuCu show no characteristic peaks for the
pure Pt or Cu phase that would indicate a separate deposition of each
metal, suggesting a formation of mixed Au-Pt and Au-Cu compounds
(Fig. 1). For the AuPt mixture, a small peak at 39°20 coincides with
theoretical diffraction for the AuPt compound with a 1:1 ratio. For the
AuCu mixture, an expected diffraction peak at 40.7°26 coincides with
the ZrO,(—211) peak and cannot be further resolved.

3.2. Transmission electron microscopy (TEM)

The powdered samples were analysed by transmission electron
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microscope (TEM). The irregularly shaped ZrO, template particulates
are stable under the electron beam and are up to 1 um in size. As already
identified by XRD, their crystal structure corresponds to baddeyelite, the
most stable monoclinic ZrO, polymorph. Upon closer look, we can see
that the ZrO, template is covered by nano-sized metal particles, easily
resolved even by contrast (are darker than ZrO,, Fig. 2). For pure Au-
loaded sample, the Au NPs are spherical and rounded, without clearly
formed Wulff facets, having a typical multiple-twinned crystal structure
(Fig. 2a). The measured cell parameters calculated from selected area
electron diffraction (SAED) patterns correspond with theoretical values
for pure fcc Au (cubic, Fm-3 m, a = 4.08 ;\) [69]; this data was further
used as an internal standard for the calibration of the SAED (TEM
camera length) for the samples with bimetallic loading.

In the AuPt-loaded sample, the metallic particles appear uniformly
scattered over the ZrO5 template, with a narrow size distribution and are
somewhat smaller compared to pure Au loading. The crystals have well-
developed icosahedral morphology and appear to have a homogenous
composition (Fig. 2b). The lattice parameters, measured from HR-TEM
micrographs and diffraction patterns, are ~2.5% smaller as for pure
fee Au; a(4.00 A) compared to a(4.08 A), respectively (Fig. 2d). Based on
Vegard’s law, the measured experimental values of lattice constant
correspond to bimetallic composition for alloyed AuPt nanoparticles
with approx. 50:50 ratio. Such crystal structure corresponds to a typical
alloy, a non-ordered mixture of fcc(Au) + fcc(Pt) component [70].

Similar observations were made in the case of AuCu loading. Here,
the metal particles are scattered over the ZrO, template. The size dis-
tribution of the metal particles does not seem very homogeneous - the
larger particles are comparable to those of the AuPt sample, while the
majority are smaller. The individual particles have a well-defined Wulff
shape and show numerous internal defects, such as £3-type twinning.
Their crystal structure was analysed using HR-TEM and SAED. We
measured the lattice spacing of the randomly selected single-crystal
particles, which are between the monometallic Au (4.08 A) and Cu
(3.61 A), corresponding to a disordered fcc AuCu binary alloy [71]. The
Au-Cu phase diagram is complex, and consists of fcc AuCu solid solution
and several intermetallic phases, such as tetragonal AuCu-I, and ortho-
rhombic AuCu-II phases [72]. In the operational temperature window of
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Fig. 1. (a)The overlaid XRD spectra of the three synthesised compound materials; the main diffraction peaks are indexed for baddeleyite (monoclinic ZrO,). (b)
Magnified marked region between 37° and 44°20, with the marked simulated peak positions for Au (111), Pt (111) and Cu (111), as well as the theoretical reflections
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Fig. 2. TEM micrographs of ZrO, substrate with (a) Au, (b) AuPt, and (c) AuCu loading. The metal NPs can be easily identified by higher mass and diffraction
contrast. (d) A comparison of experimental SAED patterns and ab initio simulations for pure Au, Pt and Cu, with corresponding intensity profiles.

our experiment, the structure of AuCu alloy in 50:50 ratio after ho-
mogenization is reported to be tetragonal (c/a ~ 0.92, P4/mmm,
a=2.80 A) and is stable up to 350 °C [73]. With the results of SAED for
both bimetallic materials we confirmed the formation of the AuPt and
AuCu alloys. We used the average particle diameter measured by TEM to
determine the dispersion. The latter was calculated using the equation
reported by Borodzinski and Bonarowska [74] using atomic radii re-
ported in the literature [75,76]. The calculated dispersions are very
similar to numbers put forth by Bergeret and Gallezot [77]. These results
were used to define the active sites available for glucose adsorption,
which were used in the microkinetic model.

3.3. Oxygen pulse chemisorption

Oxygen binding capacity is a crucial parameter in glucose oxidation.
To determine the latter, we performed oxygen pulse chemisorption.
Chemisorption was performed at 120 °C, as this is the highest temper-
ature at which we performed glucose oxidation. The amount consumed
by each material was normalised per gram of active metal. The experi-
ments clearly show that alloying gold with copper or platinum
dramatically increases the amount of oxygen that binds to the surface of
the catalysts (Fig. 3). This is particularly clear with the AuPt bimetallic
material, where the increase is more than 2.5 times (89-230 pmol).
These experimental results correlate very nicely with first-principle in-
sights, which show a noticeably lower activation energy for dissociative
oxygen adsorption on Cu and Pt (vide infra). A similar observation was
also noted by Gottfried et al., who found that O, adsorbs very poorly on
pure Au.

3.4. X-ray photoelectron spectroscopy (XPS)

From the survey spectra, we confirmed that all the nominal metals
are indeed present in the final materials. The charge-corrected results of
XPS show that pure Au is positioned at 84.0 eV [78]. The peaks were

250

200

150

100

0, consumption [umol g']

50

Au AuCu

AuPt

Fig. 3. The results of oxygen pulse chemisorption. The amounts are normalised
per gram of active metal, or metals in the case of bimetallic catalysts.

fitted with the Multipak software, using asymmetric peak shapes and the
smart baseline option. We observed the split spin-orbit components,
with a split of 3.7 eV. When Au was alloyed with Pt, the shift was
negligible, resulting in a shift below 0.1 eV. On the other hand, the shift
is much more prominent when gold is alloyed with copper (Fig. 4). This
could be the result of Cu oxidation, which is clearly visible due to the
well-pronounced satellite at 943 eV. The electronegativity of Cu is
significantly lower than that of Au. Therefore, we would expect a shift to
lower binding energies in the Au 4 f peak for Au. However, with the
surface oxidation of Cu, where the electronegativity of O is significantly
higher than that of Au, a shift to higher binding energies is reasonable.
Since the difference in shift is negligible when Au is alloyed with Pt, we
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Fig. 4. The survey XPS spectra measured for the three materials synthesised for this study and the 4 f region of Au, which indicates the gold is only present in metallic
form. The vertical dashed line is positioned at 84.0 eV, indicating the position of pure Au 4 f; 5.

believe the any shift is due to the interaction of Au with the other metal.
When Au is alloyed with Pt, a slight shift is expected because the dif-
ference in electronegativity of the two elements is small. The region at
71.0 eV associated with Pt 4 f; 5 shows that Pt is in the metallic state and
that the shift is negligible. This coincides well with the minimal shift in
the binding energy of Au 4 f.

3.5. Catalytic investigation of selective glucose oxidation

Liquid products analysed by HPLC and IC for glucose oxidation with
the above-mentioned catalysts, under the applied reaction conditions,
revealed that the most important intermediates and products are: glu-
conic acid (GU), glucuronic acid (GLU), glucaric acid (GA), tartaric acid
(TA), tartronic acid (TO), glycolic acid (GLY), oxalic acid (0X), and
formic acid (FA). Two intermediates reported in previous studies [46],
using a similar AuPt catalyst, 2-keto-D-gluconic acid and 5-keto-D-glu-
conic acid, were not detected.

Additionally, Weisz Prater and Mears parameters were calculated, to
determine if there is any internal or external mass transfer limitations.
Weisz Prater parameter for Glc oxidation was determined to be
1.4x10~8, which means internal mass transfer limitation was not pre-
sent. Moreover, Mears parameter for Glc oxidation was determined to be
1.39x107!1, also confirming that external mass transfer resistance did
not affect reaction kinetics. In other words, particle diameter of ZrO,
supporting material was determined to be around 1 pm, which is rela-
tively small. Determined from Brunauer-Emmett-Teller (BET) analysis
[79], the porosity of the catalytic microparticles was determined to be
0.08, which indicates low porosity and corroborates the low Weisz
Prater and Mears parameter. The calculation of each parameter is
described in detail in supplementary information (SI). Moreover, the

observed hysteresis loops, obtained from nitrogen sorption experiments,
for supporting material ZrO2 and all the synthesized catalysts are shown
in Fig. S3. The isotherms presented in Fig. S3 can be classified as a type
IV(a) isotherm with type H3 hysteresis loop, proving that the material is
nonporous. Finally, the surface area of the materials is affected negli-
gibly by the addition of the active metals.

Based on the detected products, we constructed a tentative reaction
pathway (Fig. 5). The latter was used to assemble a kinetic model. The
corresponding kinetic parameters, based on the regression analysis, are
shown in Table S2.

To confirm that no homogeneous reactions occurred, blank experi-
ments were performed without any catalyst, where the substrates were
glucose, GU and GA. Fig. S1 shows that no reaction occurred at 100 °C
and 30 barg Oy, indicating that any oxidation that occurred was the
result of the addition of the catalyst.

To better understand the reaction pathway, experiments were per-
formed using GU, GLU and GA as the reactants with AuPt, at 100 °C and
30 barg Oy. Fig. 6a shows that when GU is used as the reactant, its
oxidation to GLU is very slow, suggesting that the rate-determining step
of the reaction is the second reaction in Fig. 5.

GA and TA were detected in the reaction mixture when the experi-
ment was started with GLU, indicating that GA continues to react after
its formation to TA and other C-C bond cleavage products (Fig. 6b).
When the same experiment was performed with GA as the reactant
(Fig. 6¢), nearly all decomposition products were detected in the reac-
tion mixture. Considering everything, it is obvious that GA is an inter-
mediate and must be considered as such when reaction time and
temperature are adjusted to achieve higher yields.
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Fig. 6. Experiments with (a) GU, (b) GLU and (c) GA as reactants at 100 °C (—) and 30 barg O, on AuPt catalyst.

3.6. Effect of temperature and pressure

Initially, the experiments were performed with 50 mL of aqueous
glucose and 16 barg O2. In these experiments the final yield of GA is
quite low (Fig. 7). We believe the poor conversion resulted from a low
partial pressure of oxygen, which led to low concentration of dissolved
O2 and furthermore to low oxygen surface coverage. Consequently, a
low concentration of GA in the final reaction mixture was detected.
Moreover, the conversion of glucose was found to be higher for the AuCu
and AuPt bimetallic catalysts.

Lower oxygen coverage on the surface affected the oxidation
pathway of going beyond GU, since less O is present on the catalyst’s
active sites. To increase the yield of GA, experiments were performed
with higher oxygen pressure (30 barg) and a lower volume of aqueous
glucose solution (40 mL). The molar ratio of glucose to active metal was
the same in all experiments (Glu: metal = 40: 1). Fig. 8 compares the
experiments performed with Au, AuCu and AuPt catalysts in the tem-
perature range of 100-120 °C and 30 barg O-.

An increase amount of O, partial pressure in the reactor led to an
increase in the oxidation extent. At lower temperatures of 60 and 80 °C,

the conversion of glucose and subsequently all other reactions are of low
rate, as can be seen in Fig S1, where a clear difference is observed at the
lower temperature. The conversion of glucose to GU is much lower when
monometallic catalyst is used. When the temperature is raised to 100 °C,
the conversion of GU is much faster. Compared to previously mentioned
reaction conditions, AuPt catalyst exhibited a notably higher GA yield,
peaking at 32% at 100 °C. When the temperature is raised to 120 °C, C-C
bond cleavage starts to increase, which is evident by products such as
TA, TO and GLY. The presence of both TA and TO, even before signifi-
cant amounts of GA are formed, indicate that some C-C bond cleavage
occurs even prior to GA formation. The calculated reaction rate con-
stants and their corresponding activation energies are presented in
Table S2.

The activation energy, calculated for the first reaction, the oxidation
of aldehyde group of glucose, with monometallic Au, is 73 + 2 kJ mol !
which is higher, than for the same reaction with bimetallic AuCu and
AuPt. The Ea; of bimetallic catalysts are 56 + 3 kJ mol~! and 50
+ 4kJmol™! for AuCu and AuPt, respectively, which suggests that
oxidation of terminal aldehyde group is more favourable. The reaction
rate constant for the oxidation reaction of glucose to GU, calculated for
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Fig. 7. Oxidation experiments performed at 100 °C (—) and 16 barg Oo.

AuPt was 1406 + 23 min~!, which was the highest among the catalysts
tested, whereas the reaction rate constant on monometallic catalyst is
431 4+ 23 min~'. This is in accordance with DFT studies, presented
below, where the activation barrier for the first reaction is higher on
monometallic Au, compared to bimetallic counterparts.

An interesting indicator of each catalyst’s potency is also the turn-
over frequency (TOF), presented in Table S3. The AuCu catalyst has the
highest TOF value of 6.9E-03 mol;eactant min ! g;clﬁve metal for glucose
conversion of all the materials we examined. This suggests, that if we
replace half of golden atoms with copper atoms, whose molecular
weight is more than 3-fold lower, the catalyst converts GLU molecules to
GU with a noticeably higher frequency.

We postulate that the rate-limiting step is the second reaction, i.e. the
oxidation of the terminal alcohol group of GU. Gupta et al [80] made
similar observation, when they studied hydroxymethyl furfural (HMF)
transformation to furan dicarboxylic acid (FDCA) over gold catalyst,
supported on hydrotalcite (HT). Their findings show that the aldehyde
oxidation to carboxylic acid is relatively fast, as we have shown above,
compared to the oxidation of terminal alcohol group, posed as the as the
second reaction step. Our experiments show, that when comparing
bimetallic catalysts, AuPt had enhanced activity for GU compared to
AuCu and Au. Reaction rate constant was 75 + 4 minfl, which is 2-fold
higher compared to AuCu and Au (Table S1). Interestingly, the activa-
tion energy, calculated for the second reaction, was 63 + 3 kJ rnol’l,
49 + 2kJmol~! and 45 + 1 kJ mol~! on AuPt, AuCu and Au, respec-
tively. This suggests not only that the oxidation of terminal alcohol is

much faster on bimetallic AuPt catalyst, but also the fact that at higher
temperatures, the reaction rate constant’s value is rising even faster
compared to the other two catalysts tested. Furthermore, connecting the
dots with DFT, one can see that similar trend was observed there. The
first reaction step 2a in Table 1, the activation barriers on Au and AuCu
catalysts are higher than for AuPt, supporting the microkinetic param-
eter evaluation.

The reaction rates for the third reaction step were 4928 + 80 min~?,
13022 £ 113 min~* and 22319 + 134 min~" for Au, AuCu AuPt cata-
lysts, respectively. Similarly, activation energy for this reaction is the
highest for AuPt. Additionally, calculated DFT activation barriers for the
third reaction (Table 1, step 2¢), where C-H bond scission occurs, are
lower than for step 2a. This implies, that once the terminal OH group is
oxidized to an aldehyde, it is almost immediately further oxidized to a
carboxylic acid. Moreover, considering the first reaction, where alde-
hyde group is oxidized to carboxylic acid, the trend is similar; AuPt
catalyst has the best potency to perform such a reaction.

Since GU is the limiting step, and because Au catalyst still produces
substantial amounts of GU, the question is what happens to GU, if it does
not react further towards GA. For this reason, reactions 5 and 11, which
present C-C scission reaction, affect the overall selectivity. From
Table S1, Au seems to convert GU to by-products substantially faster
than bimetallic catalysts. Reaction rate constants for reaction no. 5 are
5.2+ 0.2min"%, 1.2 + 0.1 min~! and 0.73 + 0.03 min ", for Au, AuCu
and AuPt catalysts, respectively. The same conclusion can be made when
reaction 11 is considered.



Z. Lavric et al. Applied Catalysis B: Environmental 343 (2024) 123455

Au, 100 °C, 30 barg Oz AuCu, 100 °C, 30 barg O2 AuPt, 100 °C, 30 barg O2
0.25 025
030f evmre = e e e mmme === ad (] 00 K L e e e e e m—————— wo 0000 ke TTTTTTTTTTTTETTTT 100
S ot 8 S ox0p 8 S -I = 8
c c ' 80 c
S 020 2 Sosl 2 Sosl g
=1 = = 1 = =1 1 =
© = ® = ® =
E 015 g = 7 leo & £ |I 60 ©
c ) i ) L [
5 g g o.10{l g 3 o100 @
e s 2. W o§
=] =] I 440 o ]
S o0s = §oos — §oos [t
0.00 o0 Mee oo = 20 0.00 e 20
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min) Time (min)
Au, 120 °C, 30 barg O2 AuCu, 120 °C, 30 barg O2 AuPt, 120 °C, 30 barg O
0.30 025 — ; 025 ;
o] 120 [ttt L T TTT T e T I EE T 20
=" L 2{__)' = 8 S 0 T 8
c c c
k=] e o 2 S :I g
= {e0 3 = s =77 {80 =
S s £ s £ | ©
5 lso 3 § 3 § 0.10h 160 g
Q I
g § § § S,.l 5
3 22 S 40 = 80.051 440 -
N e S 3 !
! o - —
20 0.00 ks s = 20 0.00 e - 20
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min) Time (min)
Fig. 8. Oxidation experiments conducted at temperatures of 100 and 120 °C (—) and 30 barg O,.
Table 1
DFT-calculated activation barriers for the reaction steps in glucose oxidation. All values in eV.
Au Pt Cu
Step / none o* Oy * OH* none o* Oy * OH* none o* Oy * OH*
oxidant species
0, dissociation 1.76 n/a n/a n/a 0.56 n/a n/a n/a 0.15 n/a n/a n/a
Step la 1.66 0.24 0.21 0.22 0.74 0.57 0.50 0.34 1.06 0.19 0.22 0.43
Step 1b 0.11 n/a n/a n/a 0.06 n/a n/a n/a 0.34 n/a n/a n/a
Step 2a 1.85 0.37 0.08 0.28 0.91 0.25 0.05 0.17 1.68 0.26 0.03 0.36
Step 2b 0.52 0.38 0.43 0.45 0.31 0.47 0.58 0.47 0.81 0.82 1.12 1.24
Step 2c 1.38 0.77 0.74 0.66 0.37 0.78 0.81 0.30 0.93 0.85 0.75 0.95
Step 2d n/a 0.39 n/a 0.46 n/a 0.25 n/a 0.61 n/a 0.68 n/a 1.05
Another crucial reaction for preserving GA is reaction no.4. Since Au 120
produces barely any GA, the comparison has to be draw between AuCu
and AuPt. The former’s reaction constant rate is 38 + 2 min’l, which is b = n -
_ i u L] n
6-fold faster th.an with Au.Pt. o N . 100k B = 2 -
The formation of CO; is also an indicator of efficiency. The reaction u a
rate constant for Au is 423 + 10 min~!, which is ~10 times higher than =, I L]
. . . . o
the reaction rate constants for the bimetallic catalysts. Fig. 9 shows the S 80 -
carbon balance (CB) for all catalysts. CB decreased for ~40% with Au 8 - "
catalyst. CB also decreased for AuCu catalyst for ~25%. In contrast to ]
AuCu, CB decreased for AuPt catalyst for ~1%. Thus, the latter catalyst E 60 - o
is far superior because the reaction rate is lower in the non-selective c
oxidation reactions. g 40
In order to validate the parameters obtained by regression, the al- (‘_)‘5
gorithm of the kinetic model was modified. Since the AuPt catalyst = AUZO
exhibited the highest yield, we decided to validate the model on this 20 L 2
material. All reaction rate constants and corresponding activation en- = AuCu/Zro,
ergies were fixed, while time and temperature were introduced as input = AuPYZrO,
parameters of the regression function. The regression was stopped, when ] . L . L . L . L . .
the highest yield of GA was reached at the end of the reaction time. In . =0 100 =0 2 50
addition, the reaction time and temperature intervals (0.1 — 500 min and Time (min)

60 - 340 °C, respectively) were investigated to find optimal conditions,
for the highest yield of GA. Fig. 10 shows a 3D plot, where time and
temperature represent the X and Y axes, respectively, while Z indicates
the yield of GA in %.

Fig. 9. Carbon balance for reactions at 120 °C, 40 mL of liquid phase and 30-
bar gauge O,.
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Fig. 10. GA yield predicted by the model at whole relevant reaction time (0.1 —
500 min) and temperature window (60-340 °C).

It can be seen that the "sweet spot" is at 118 °C and 170 min. When
the reaction time is extended, the yield of GA slowly decreases. There-
fore, the predicted temperature and time were 118 °C and 170 min,
respectively. Then, the experiment was performed with the predicted
time and temperature and later compared with the values predicted by
the model. The results are shown in Fig. 11.

The predicted profile lines of the concentrations of glucose, GA, TO,
OX and FA agree well with the experimental data. However, there is still
room for improvement of the model, because GU, TA and GLY do not
follow the profile line predicted by the model. Further experimental and
modelling studies should be conducted, to elucidate the reaction
pathway in more detail and improve the ability of the model to predict
the concentrations of all compounds during the reaction time.

3.7. First-principles insight

To better understand the different activity of the tested catalytic
materials, the interaction of different metal surfaces Au (111) (sche-
matically shown in Fig. 12), Cu (111) and Pt (111) with oxygen, glucose
and GU was studied. For oxygen availability, AuCu and AuPt were also
modelled, while glucose and GU oxidation was studied on pristine
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Fig. 11. Validation experiment at model-based optimized reaction conditions
to maximize the yield of GA acid using AuPt catalyst: 118 °C (—), 30 barg O,
and reaction time of 170 min.

10

Applied Catalysis B: Environmental 343 (2024) 123455

surfaces only (because of nano-sized crystallites present in the catalyst).

Au, Cu and Pt are well known for their differences in oxophilicity
[81]. The binding energy for atomic oxygen on Au, Pt, and Cu is
—0.22 eV, —1.33 eV and — 1.74 eV, respectively. As shown by Frey,
the formation energy of an oxygen adatom is a monotonously increasing
positive function of surface concentration for Au. For Pt, is has a mini-
mum around 0.7 mL but is positive in the whole coverage range. For Cu,
it is negative (favourable) between 0.25 mL and 0.65 mL. This means
that, theoretically, under all reaction conditions, there will be most
active oxygen available on Cu, less on Pt and very little on Au.

To correlate the experimentally observed reaction rates with the
oxophilicity of different metals, glucose oxidation to GU was modelled.
Assuming a pyranose (six-member ring) structure, adsorption energies
of glucose on Au (111), Pt (111) and Cu (111) are found to be very
similar: 1.31 eV, 1.44 eV and 1.59 eV. For GU, these values are 1.29 eV,
1.33 eV and 1.30 eV. Thus, we deem it highly unlikely that the differ-
ence in the performance of the tested catalysts is brought about by this
phenomenon.

Instead, different oxophilicity of the metals seems to play a crucial
role. We calculated the adsorption values for Oz on Au, Pt and Cu as
—0.14eV, — 0.59 eV and — 0.49 eV, respectively. On intermetallics,
the values are — 0.46 eV on AuCu and — 0.57 eV on AuPt, as O, binds to
Cu and Pt atoms, respectively. However, the barriers and reaction en-
ergies (in parenthesis) for Oy dissociation are 1.76 eV (+0.48 eV),
0.56 eV (—1.28 eV), 0.15eV (-1.99¢eV), 0.63eV (—1.11eV) and
0.77 eV (—0.83 eV) on Au, Pt, Cu, AuCu, and AuPt, respectively.

This paints a rather straightforward picture. There is very little Oy
and virtually no O* on Au, while the addition of Pt adds mostly Oz and
some O, and Cu activates oxygen to O* . When Au is combined with Cu
or Pt, more oxygen is available, while the favourable reaction energetics
of glucose oxidation is retained. This corroborates the experimental
findings, which we further discuss on in the next section.

To evaluate the consequences of different oxygen environments on
different catalysts, we calculated the reaction parameters for the two-
step glucose oxidation to GU and four-step oxidation of GU to GLU, as
presented in Fig. 13. Pristine metals were chosen because of limited
miscibility of Au with Cu and Pt and because the trends on individual
metals are of interest.

In aqueous solutions, such as our reaction system, glucose is pre-
dominantly present as a six-membered ring (glucopyranose) [82]. In the
first reaction, the terminal aldehyde group is oxidised to the carboxyl
group, yielding GU [83]. Since glucopyranose is formed by a reaction of
the aldehyde group with 5-OH, the ensuing GU is formed in the lactone
form (glucono delta-lactone). This is achieved by first removing the
hydroxyl hydrogen atom, followed by the cleavage of the C-H bond.

For the sake of completeness, we investigate all four scenarios for
each elementary step. Where a hydrogen atom is cleaved off, this can
happen in a non-assisted way, or with reactive oxygen species on the
surface (0O*, O * or OH*). The barriers for the elementary steps are
given in Table 1. It should be noted, however, that not all of them are
abundant on all catalysts. For instance, on Au, little O* is available.

A clear general trend emerges. The rate determining step is the
cleavage of the first hydrogen atom. The barriers for spontaneous
hydrogen abstraction are higher (1.66 eV, 1.06 eV and 0.74 eV on Au,
Cu and Pt, respectively) than with oxygen reactive species (~0.2 eV on
Au, 0.2-0.43 eV on Cu, 0.3-0.5 eV on Pt). The second elementary step, i.
e. the cleavage of the C-H bond, occurs without a participating oxygen
species (barriers of 0.11eV, 0.34eV, 0.06eV on Au, Cu, Pt
respectively).

In the second transformation, GU is oxidised to GA via four
elementary steps. The rate determining step varies based on the oxidant
species encountered. Generally, the barriers are highest on Au and
lowest on Pt. For instance, Step 2a with O* has barriers of 0.37 eV,
0.26 eV and 0.25 eV on Au, Cu, and Pt, respectively. The last elementary
step requires a presence of O* or OH* to complete the oxidation of the
aldehyde group to GA. See Table 1 for all the values.
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Fig. 12. (left) A perspective and (right) top view of glucose adsorbed on Au (111).
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Fig. 13. Elementary reaction mechanism of the oxidation of glucose via GU to GA with different oxygen species present, as studied by DFT.

Based on the analysis of the reaction barriers, Pt would stand out as a
superior catalyst compared to Au and Cu. However, experiments show
that pure Pt is ill-suited for the production of GA as it steers the reaction
Computational data

towards the undesired short-chain products.
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explains this further. Not only are oxygen reactive species on Pt present
in excess, C-C bond cleavage is thermodynamically favourable. For the
C3-C4 bond cleavage (see Fig. 14) in GU, the energy of reaction is
+ 1.40 eV, 4+ 1.27 eV and —0.06 eV on Au, Cu, and Pt, respectively. This
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Fig. 14. Cleavage of C3-C4 bond in GU, shown on Pt (111).

means that Pt would favour the decomposition of C6 derivatives of
glucose to smaller molecules. The shortcomings of pure Pt are alleviated
by using bimetallic catalysts. For AuCu and AuPt, when modelled as
perfect alloys, the energy of reaction for this step is + 1.40 eV and
+ 1.10 eV, respectively, showing they do not cleave the C-C bonds.
With the DFT analysis, the suitability of the microkinetic approach is
explained. As shown in Fig. 5, the microkinetic model only accounts for
stable intermediates, which are experimentally measurable. This lum-
ped approach is warranted because the elementary steps, forming in-
dividual lumped transformation, have very different activation barriers.
This means that one is treated as a rate-determining step — featuring the
microkinetic model — while the rest are fast and pseudo-stationary. A
detailed inspection of Table 1 shows that the O-H activation initiates the
oxidation of glucose, which is followed by a quick C-H cleavage. For
gluconic acid and guluronic acid, however, the C-H bond activation is
actually slower (provided an oxidative species is present on the surface).

4. Discussion

The results of XPS, TEM and XRD confirmed the formation of alloys
in the studied bimetallic catalysts. Moreover, the results show that the
applied synthesis technique produces metallic nanoparticles. In both the
mixed AuPt and AuCu samples, a weak diffuse diffraction peak at
~38°26, with much lower intensity than in the pure Au-loaded sample,
indicates the presence of nano-sized Au crystallites coexisting with the
mixed AuPt and AuCu phases. The percentage of the pure gold phase in
the bimetallic materials is negligible. However, no separate Pt or Cu
diffractions were observed, which would indicate separate deposition of
the metals. It is worth noting that we sporadically detected a weak Au
diffraction peak, possibly due to splitting of the diffraction peak, indi-
cating initial phase separation and dealloying, or representing a pure Au
residue that deposited separately and not as part of the AuPt alloy. These
results correlate well with the observation of a weak Au (111) diffraction
peak in the AuPt sample. The increase in oxygen adsorption observed
when Cu and Pt metals are introduced into the Au substrate indicates a
significant improvement in the surface coverage of oxygen on the
bimetallic catalysts when operated under optimised reaction conditions.
This observation is consistent with the results of density functional
theory calculations (DFT), which indicate a reduced activation energy
for the dissociative adsorption of oxygen, especially on Pt and Cu sur-
faces. Furthermore, these results are confirmed by existing literature, e.
g. Gottfried et al. who found that molecular oxygen (O3) does not
dissociate on Au surfaces.[84] Under the aforementioned reaction con-
ditions, it can be seen that the Au surface remains predominantly un-
affected, while Pt alloys are enveloped by oxygen species referred to as
0O.* and some O*, and Cu predominantly accumulates O*. These dif-
ferences in surface composition lead to profound differences in catalytic
activity.

Our DFT calculations showed that the activation barriers for the O-H
and C-H cleavages, necessary for the oxidation of glucose to GU and to
GA, are highest on Au and lowest on Pt. However, when fewer active
oxygen species are available, the reaction is slower and more selective,
which is the case for Au. Cu and Pt exhibit a higher surface concentration
of active oxygen species, which is the reason for their markedly different
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activity. However, an excessive concentration of nucleophilic O* species
facilitates over-oxidation, including the undesired C-C bond cleavage,
which is detrimental for yields. This is especially pronounced on pure Pt,
where C-C bond cleavage is slightly exothermic, while on Au and Cu it is
endothermic. The results also agree well with the work of Rautiainen
et al. [85] who found that Au has the ability to oxidise guluronic acid to
GA. Table 1 shows that the barrier in Step 2a (oxidation of GU) is higher
than in Step 2c (oxidation of GLU). Hence, poor performance of pure Au
is due to its inability to convert GU. On the other hand, should glucur-
onic acid be present, it is readily oxidised further.

The easier oxygen activation is favoured by the shift of the electronic
structure in the bimetallic catalysts and promotes the higher activity of
the synthesised materials. However, this promoting effect must be fine-
tuned so as not to accelerate the overoxidation of GA. This is indicated
by the XPS results for the AuCu catalyst, where the Au 4 f peak shifts to
higher binding energies. We believe that this shift in binding energy
favours stronger adsorption of electron-rich (-COOH) species of the
products, leading to C-C bond cleavage or decarboxylation and thus
lower selectivity. The experimentally observed oxygen species on the
metals used support the proposed mode of action [86]. The weak
binding of O3 on Au surfaces, where no activated oxygen species were
observed, indicates negligible charge transfer. On the other hand,
several activated oxygen species are observed on Pt and Cu surfaces.
Hyman and Medlin [87] found that a combination of Au with Pt or Cu
results in a weak O, binding, but very strong O binding. We believe that
the modified charge transfer not only contributes to a stronger binding,
but in the case of Cu, also generates stronger (more electrophilic) oxygen
species that cause further oxidation of GA.

From the experimental data and the model in Fig. 8, we can
conclude, that our assumptions regarding the oxidation activity of each
material correlate quite well. The bimetallic materials clearly produce
more GU than the monometallic counterpart does. The calculated acti-
vation energy is two-fold higher, which compares well to the results of
DFT. On the other hand, the turnover frequencies and activation en-
ergies, for the monometallic catalyst, indicate that whatever GA is
formed, it is then quickly converted further to shorter chain products,
and finally to carbon dioxide. We believe a low oxygen surface coverage
of the latter material causes this, as it enables the adsorption of oxy-
genates. The carbon balance presented in Fig. 9, where a significant drop
is evident when Au and AuCu catalysts were used, also indicates this. In
addition, we conducted recycle tests where we reused the same material
for 3 consecutive oxidation tests (Fig. S4). Only the bimetallic catalysts
were used, as there is a lot of data in the literature showing that
monometallic Au-based catalysts are completely stable. We stopped the
reaction when we expected a conversion of about 50% so that we could
detect minimal deviations that would indicate deactivation of the
catalyst. No such deviations were observed and the bimetallic materials
remained quite stable during the three cycles.

Comparing our results with the few literature results, it can be seen
that large number of parameters influence the overall yield of GA. The
comparison is presented in Table S4. The most important process pa-
rameters are reaction temperature, oxygen partial pressure, molar ratio
of glucose and metal (mol/mol) and reaction time. Derrien et al. [83]
performed reaction with AuPt/ZrO, catalyst, prepared with different
deposition precipitation procedure and reported a 50% GA yield at
100 °C and 50 barg O» pressure. Lee et al. [88] reported a 74% yield of
GA at 80 °C, 13.8 barg O pressure, a glucose to metal ratio of 54 and
10 hreaction time. The catalyst used in this case was Pt/C. Furthermore,
we added a comparison table in SI (Table S3), for easier comparison.
Compared to all these different catalysts and process parameters, our
reaction yield was highest with the bimetallic AuPt/ZrO, catalyst. The
GA yield was 32% at 100 °C, 30 barg O3 pressure and a molar ratio of 40.
Contrary to several other studies, our reaction time was quite short
(3.3h), and the initial glucose concentration was relatively high
(0.25 M).
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Conclusion

DFT calculations corroborated that the difference in performance of
Au, AuPt and AuCu. The latter can be attributed to their differing oxo-
philicity. The reaction proceeds differently because there is little avail-
able oxygen on Au, while Pt supplies Oz * and O*, and Cu provides
ample O* . Both oxygen species increase the reaction rate but can lead to
overoxidation if present in excessive amounts, which is modulated by
catalyst composition. For the sake of completeness, it was found that
OH* behaves similarly. For instance, on Au the activation barrier for
glucose oxidation is 1.40 eV, which drops precipitously to < 0.3 eV
when Oy * or O* is available. This hints that the reaction is governed by
the rate of oxygen adsorption and decomposition, which is caused by a
changed oxophilicity of the surface (electronic effect) and not the lattice
expansion effect since pure Au, Cu and Pd have very different lattice
constant but enable similar energetics provided that the same active
oxygen species were present.

Connecting the dots with DFT, microkinetic study correlates well
with the ab initio calculations. Oxidation of glucose to GU by Au is
hindered by the weak ability of oxygen utilization. While bimetallic
AuPt provides both oxygen species Oy * and O* and has the highest
selectivity among the three, AuCu seems to be too potent for selective
oxidation towards GA. All of the theoretical results were further sub-
stantiated by experimental data.

To the best of our knowledge, this is one of few studies encompassing
catalyst synthesis, characterization, DFT study and microkinetic
modelling of the experimental results. We believe this study to be a good
foundation stone for future research in the quest to introduce biomass
valorisation and higher engagement in the field of circular economy.
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