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Abstract: This work is devoted to the study of the effect of small Bi additives on the func-
tional properties of Pdx:Bi/Al>Os catalysts in the selective oxidation of glucose to gluconic
acid. The catalysts obtained by the joint impregnation method were characterized (TEM)
by high dispersion of bimetallic nanoparticles with a median diameter of 4-5 nm. The
structure of the Pd-Bi solid solution was confirmed via XPS and showed a change in the
valence state of Pd and Bi depending on the Bi content, as well as the fraction of the oxi-
dized state of Bi. TPR-H: revealed various forms of Pd, including PdO and mixed Pd-O-
Bi structures. The Pd10:Bil/Al:Os catalyst demonstrated the highest efficiency (77.2% glu-
cose conversion, 96% sodium gluconate selectivity), which is due to the optimal ratio be-
tween Pd and Bi, ensuring the stabilization of metallic Pd and preventing its oxidation.

Keywords: bimetallic nanoparticles; selective oxidation of glucose; Pd-Bi catalysts;
heterogeneous catalysis; sodium gluconate; influence of modifier; influence of Bi

1. Introduction

The development of highly efficient and selective catalysts is one of the key tasks of
modern chemistry [1]. Among the variety of catalytic systems, nanoscale bimetallic cata-
lysts based on Pd attract considerable attention due to the possibility of a synergistic effect,
manifested in the improvement of catalytic characteristics compared to monometallic cat-
alysts [2-4]. Pd, known for its high catalytic activity in various processes, in combination
with a second promoter metal, which has the ability to modify the electronic structure of
Pd, allows the creation of catalytic systems with unique properties [5]. Modification of Pd
with Bi leads to a change in its adsorption and catalytic properties, which opens up new
possibilities for selective reactions. In this context, supported Pd-Bi (Pd-Bi) catalysts are
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of particular interest, demonstrating high efficiency and selectivity in various oxidation
and redox processes involving hydrogen transfer [6-8].

Pd-Bi systems are being investigated as electrocatalysts in fuel cells and electrochem-
ical sensors [9-13]. Studies have shown that Pd-Bi catalysts are effectively used in the con-
version of polyols (e.g., glycerol) into valuable chemicals such as lactic acid, glyceralde-
hyde, dihydroxyacetone, glyceric acid, tartaric acid, mesoxalic acid, glycolic acid, oxalic
acid, formic acid and others [14-16]. Pd-Bi catalysts can be active in the selective oxidation
of various alcohols to the corresponding aldehydes or ketones [17-19]. Experimental work
was carried out on the semi-hydrogenation of acetylene alcohol and the hydrogenation of
acetylene [20,21]. The most common application of Pd-Bi catalysts is for the process of
selective glucose oxidation with gluconic acid formation [22,23]. Gluconic acid is a valua-
ble biodegradable and biocompatible substance with a wide range of applications [24]. Its
“green” properties make it increasingly in demand in various industrial fields, including
pharmaceutical, cosmetic, food, chemical, cement, textile, metalworking, water purifica-
tion and other important areas [25,26].

However, for the most efficient production of gluconic acid, Pd-Bi catalysts must
have an optimal concentration of the modifier (i.e., Bi), which will ensure maximum ac-
tivity and selectivity in the formation of the desired product [27,28]. The key role of Bi in
the structure of Pd-Bi catalysts is its ability to protect the active centers of Pd. Studying
the promoting effect of Bi, Wenkin et al. [29] came to the conclusion that special bimetallic
Pd-Bi active centers are formed in which Bi is able to protect Pd from three main deacti-
vation factors in the process: chemical poisoning by reaction products, overoxidation of
active sites and corrosion of the noble metal, leading to surface restructuring. In addition,
the authors stated that Bi is additionally stabilized with the formation of an adsorbed Bi-
glucose complex. The advantage of Bi is that it has a higher oxophilic property compared
to Pd, as well as a higher surface energy, which allows it to coat Pd particles in the catalysts
[30,31]. However, a significant amount of introduced Bi can lead to aggregation of bime-
tallic particles, reducing the overall surface area and, consequently, the activity of the cat-
alyst in the reaction [32]. An excess of Bi also leads to blocking of Pd active sites [33]. In
addition, Bi does not have its own catalytic effect in the process of glucose oxidation. The
above-mentioned facts demonstrate the necessity to find optimal Pd/Bi ratios at which the
negative effect of excess Bi on the activity of Pd-Bi catalysts is absent with the maximum
possible promotional effect. The optimal concentration promotes the formation of highly
dispersed Pd particles with high surface activity.

Despite the comprehensive study of the glucose oxidation process in the presence of
supported Pd-Bi catalysts, the optimal Bi content, as well as the limits of the promoting
effect of the modifier, have not yet been established. Thus, determining the optimal Bi
concentration requires not only careful control during the synthesis of catalysts, but also
a comprehensive study of the functional properties of catalyst samples using various sur-
face characterization methods, as well as catalytic investigations in the glucose oxidation
reaction. In previous studies, much attention was given to the consideration of the struc-
ture and effectiveness of Pd-Bi catalysts with a high addition of Bi in the range from 25.0
to 66.7 at. % of the total amount of metals deposited [23,33]. Despite certain success in
deepening the understanding of the principles of Pd-Bi catalysts, studies have shown that
a decrease in Bi content inevitably leads to an increase in the efficiency of the catalyst. On
the other hand, the monometallic Pd catalyst demonstrated much lower catalytic activity
compared to Pd-Bi. This gap in research has not been filled and the optimal Pd/Bi ratio
remains unknown.

The aim of this work was to study the effect of small Bi additives below 16.7 at. % of
the total amount of metals deposited on the efficiency of Pd-Bi catalysts supported on y-
Al0Os in the process of selective oxidation of glucose to gluconic acid. It was shown that
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the maximum efficiency of the catalysts was achieved in the Pd/Bi range from 5 to 10. We
also paid great attention to the morphology of the observed metal particles. The demon-
strated changes in the crystal and electronic structure of the particles allowed us to con-
firm the formation of a bimetallic Pd-Bi alloy.

2. Results and Discussion

Microscopy methods are powerful tools for analyzing surface morphology in the syn-
thesis of supported catalysts. The micrographs obtained by scanning electron microscopy
(SEM) for pure y-AL:Os (Figure 1a) and the prepared catalyst sample Pd10:Bi1/ALOs (Fig-
ure 1b) demonstrate significant destruction of the support granules. Most likely, the gran-
ules lose their shape during the preparation of the catalysts due to prolonged mixing and
high-temperature treatment, during which the catalysts are subjected to cyclic prolonged
heating followed by cooling. The initial fraction of spherical y-Al:Os, equal to 125-250 pum,
is destroyed to form fine crumbs with an irregular shape with rare inclusions of granules
reaching sizes up to 80 um. This pattern is representative of all the studied samples pre-
pared by the method used. The distribution of Pd and Bi over the catalyst support surface
was studied using SEM in combination with the energy-dispersion spectrometer (EDS).
The results showed the homogeneous and uniform distribution of the metal nanoparticles
over the entire studied support surface both in powder (Figure 1c) and on a separate gran-
ule (Figure 1d). This means that no clusters or aggregates of Pd and Bi were observed in
any specific areas in the micrographs obtained in the SEM mode. On the contrary, the
nanoparticles of both metals were distributed sufficiently and uniformly without the for-
mation of large clusters or zones with an increased concentration of one of the compo-
nents.

500 pm

Pd Lat

Figure 1. SEM micrographs for y-Al2Os (a) and Pd10:Bil/Al2Os (b) and element maps for Pd Lal
and Bi Mal obtained by the SEM-EDS on powder (c¢) and a separate granule (d) of the
Pd10:Bi1/Al2Os sample.
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Such uniform distribution is an extremely important factor that provides high cata-
lytic activity since it improves the adsorption characteristics of the reacting agents at the
active sites of the catalyst. The uniform distribution also indicates a high efficiency of the
method, which is used for the synthesis and application of the metal particles on the sup-
port.

A much more important factor in the synthesis of nanoscale deposited catalysts than
the morphology of the support is the morphology of nanoparticles supported on its sur-
face. First of all, it concerns the size of the active nanoparticles. The smaller the size of the
nanoparticles, the larger the active surface, and, as a result, the greater the catalytic activ-
ity of these catalysts demonstrate [34]. To study the morphology and size of the studied

particles, micrographs were obtained for all samples using the transmission electron mi-
croscope (TEM) (Figure 2a—d).
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Figure 2. TEM micrographs and PSD for catalyst samples: Pd5:Bi1/Al20s (a,e), Pd10:Bil/Al0s (b,f),
Pd15:Bil/AlO:s (¢,g) and Pd20:Bil/ALOs (d,h).

To measure the size of the observed nanoparticles, particle size distribution (PSD)
was performed for all the samples (Figure 2e-h). The distribution patterns obey the log-
normal distribution law. The average and median diameters of the catalyst particles were
4-5 nm. All the samples exhibit a relatively narrow particle size distribution in the range
from 2 to 8 nm. A negligible number of larger nanoparticles (>10 nm) are present in all the
samples, which indicates some degree of particle aggregation during the synthesis [35].
However, their contribution to the average particle diameter is insignificant. Conse-
quently, the influence of the particles of such a size on the overall catalytic activity will be
minimal, due to the very low active surface of such particles [36]. The high dispersion of
small particles suggests a more developed specific surface area of the catalyst, which, as a
rule, has a positive effect on its catalytic activity.

To estimate the distribution of metals in nanoparticles, the areas with the largest par-
ticles present in the samples were examined by TEM-EDS (Figure 3). The data obtained
demonstrate the close proximity of Bi and Pd atoms on the surface of the y-ALOs support.
Elemental mapping has shown that metal particles are mainly composed of Pd. The Bi is
located in the same areas as the Pd, and as the intensity of the Pd increases, the intensity
of the Bi signal also increases. No areas have been found on the elemental maps in which
a significant amount of any metal would be located separately from the second metal.
These observations allow us to assume that Pd and Bi have certain tendencies towards
mutual localization in the studied catalysts. The observed proximity of Pd and Bi atoms
leads to the appearance of an electronic intermetallic interaction between them (confirmed
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further by XPS study) [37]. This also suggests the formation of bimetallic Pd-Bi nanopar-
ticles [38]. To confirm this hypothesis, the spot composition of a random sample of 40
particles from the surface of the Pd10:Bil/Al2Os sample was measured and the atomic ratio
Pd/Bi was calculated (Figure 4a). This showed the absence of monometallic formations in
the catalyst, and also demonstrated the fact that the largest number of particles of all these
types of particles is in the Pd/Bi ratio of 8-10. This fits well with the theoretical and the
measured by X-ray fluorescence analysis (XRF) ratios.

Figure 3. Element maps for Pd Lal and Bi Mal obtained by the TEM-EDS for catalyst samples:
Pd5:Bil/Al0s (a), PA10:Bil/ALOs (b), Pd15:Bil/ALO:s (c) and Pd20:Bil/ALOs (d).

However, the TEM-EDS data are insufficient to confirm the formation of a bimetallic
alloy. An analysis of the literature has shown that the formation of a Pd-Bi alloy is possi-
ble, and there are a number of works confirming this fact [38—41]. On the pattern (Figure
4b), obtained by the selected-area electron diffraction method (SAED), there are reflexes
of (111), (200), (220) and (311) lattice planes that can be clearly observed, which obviously
correspond to the structure of Pd fcc Fm-3m (PDF: 00-046-1043; a = 0.3890 nm). There are
no reflexes that could be attributed to Bi. The Pd-Bi alloy, depending on the synthesis
method, can form on the surface of a Pd particle, forming a “core-shell” structure with a
Bi shell and an alloy at the phase boundary between Pd and Bi [38]. The second option,
which is more likely for cases when both components are mixed homogeneously and, as
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a result, is more likely in current work, is the formation of a solid solution in the whole
particle volume [42]. It should be noted that, with the limited functionality of the electron
microscope, unfortunately, we did not have the opportunity to study particles using the
high-angle annular dark-field (HAADF) method, or to obtain «zoom-in» images of a sin-
gle particle, which would confirm or deny the structure of the “core-shell”. Instead, we
tried to obtain valuable information from the high-resolution transmission electron mi-
croscope (HRTEM) images for individual large particles in the samples with the highest
and lowest concentrations of Bi—Pd5:Bil/ALl:Os (Figure 4c) and Pd10:Bil/Al:Os (Figure
4e), respectively. The images clearly show the boundaries of the crystal lattice of both par-
ticles and the lattice spacings are available for measurement. Due to the fact that the ori-
entation of the crystals is unknown, the lattice spacings and angles between the planes
were measured and compared with the standard values for Pd fcc Fm-3m noted earlier.
Measured values 2.34 A and 2.37 A for Pd5:Bil/AlOs and 2.32 A and 236 A for
Pd10:Bil/Al20s are equivalent if we take into account the measurement error (0.5 A) and
correspond the family of {111} planes. Values 2.12 A and 2.14 A correspond to the (200)
plane. It is obvious that the crystal structure in both cases is close identical to Pd fcc Fm-
3m, but the measurement results significantly exceed the standard values for Pd (PDEF: 00-
046-1043; daiy=2,15 A, dooy=1,95 A). This effect is observed due to the substitution of Pd
atoms (atomic radius 1.37 A) with larger Bi atoms (atomic radius 1.70 A), due to which the
boundaries of the crystal lattice expanding. Thus, the observed particles are a bimetallic
solid solution of Pd-Bi. The structure of fcc Fm-3m is also confirmed by SAED patterns
from individual particles, which, in addition, demonstrate their pronounced monocrys-
tallinity. We also report that attempts to detect mono-Bi particles in order to examine their
crystal structure have not been successful.

10
a —

8

(o)}

Quantity, pcs
i

14 16 18 20 22
Pd/Bi atomic ratio

T
6 8 10 12

.

(2000
\ g a1
A B
P

0



Inorganics 2025, 13, x FOR PEER REVIEW 7 of 19

Figure 4. Distribution of Pd10:Bil/Al:Os particles by Pd/Bi atomic ratio (a), SAED pattern
Pd10:Bil/AlOs (b), HRTEM micrographs of individual particles of Pd5:Bil/Al:Os (c) and
Pd20:Bil/AL2Os (e) and SAED patterns obtained from these particles (d,f).

The structure of the samples was additionally confirmed using the powder X-ray dif-
fraction (XRD) method. The obtained diffractograms (Figure 5), unfortunately, are not in-
formative for us, since the Pd and Bi reflexes we are interested in are mainly in the regions
where the y-ALQO:s reflexes, which have a high degree of amorphousness and sufficiently
wide peaks, are found. Nevertheless, the most intense Pd (111) reflex is observed at 39.4°,
and its intensity increases with increasing Pd content. It is also interesting that although
the Bi additive is quite small, the region in which we could expect its most intense peak
(COD 1539906; (200); 20 = 28.5°) is not characterized by any reflexes (including y-AlOs)
[43]. This may also further indicate that Bi forms a solid solution with Pd, the particles of
which crystallize in the fcc structure of Pd.

Pd (111)

“\
| \'\ Pd20:Bil/ALO,
by M E \NWWW.WNWM M L™ 1

Pd15:Bil/ALO,)

Pd10:Bil/ALO)

Pd5:Bil/ALO,

1 y-ALO;

20 30 40 50 60 70 80
20, degree

Figure 5. XRD diffractograms of Pd-Bi catalyst and y-Al20s.

The above given facts indicate a high efficiency of the method for applying catalyti-
cally active components and the adequate mixing of Pd and Bi with the support during
joint impregnation of y-AlOs with acetous acid solutions of Pd(CsHrO2)2 and
Bi(CHsCOO)s precursors. The possible formation of a Pd-Bi alloy phase with the electron
interaction between Pd and Bi at the atomic level can significantly influence the catalytic
properties of the material. This interaction can lead to a change in the electronic structure
of both metals, which in turn will affect their adsorption properties and catalytic activity
during the primary reaction [44]. Additional studies were used, such as X-ray photoelec-
tron spectroscopy (XPS) and the method of temperature-programmed reduction with hy-
drogen (TPR-H:), for a more accurate confirmation of the formation of the alloy phase or
bimetallic nanoparticles. These methods allowed the structure and the composition of the
obtained material to be studied at the atomic level in more detail and the assumption
about the formation of an alloy or other bimetallic structures to be confirmed.
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X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive method for
studying the surface properties of solids. As mentioned before, the close proximity of Pd
and Bi atoms, as well as the formation of a Pd-Bi solid solution, leads to a change in the
electronic properties of the surface of these metals. To detect changes in the electronic
structure of metals, monometallic Pd/Al2Os and Bi/Al:0s samples prepared according to
the method used were used as standard samples. This allowed us to ignore the effect of
the y-AlOs carrier on metals during data interpretation.

XPS was used to study the valence state of the metal particles on the surface of Pd-Bi
catalyst samples (Figure 6). The spectra deconvolution was performed to interpret the ob-
tained results. The XPS profiles for monometallic Pd/Al:Os consist of two peaks related to
the Pd 3ds2 and Pd 3ds states with the binding energies of 340.4 eV and 334.9 eV, respec-
tively. The XPS profile for the Pd 3ds core level contains lines at 337.8 eV and 334.9 eV
that correspond to the Pd" and Pd° states, respectively (Table 1) [45,46]. The XPS spectrum
of the monometallic Bi/AL2Os of the Bi 4f7 core level consists of two peaks related to the
Bi™ and Bi® states with binding energies of 158.7 eV and 156.9 eV, respectively [47,48]. The
presence of the oxidized form of Pd and Bi in both monometallic samples and, as will be
shown later, in bimetallic ones is inevitable due to the strong adsorption of metals on the
surface of the oxygen-containing support y-Al2Os during synthesis [49]. In addition, both
metals can undergo partial oxidation under the influence of X-ray radiation in the XPS
analysis chamber.

Pd/ALO,  Bi/ALO,

Pd20:Bil/ALO,

Pd15Bil/ALO,

Pd10:Bil/AlLO,

Pd5:Bil/ALO,

345 342 339 336 333 330 327 168 165 162 159 156 153
Binding energy, eV

Figure 6. XPS-spectra of Pd-Bi and monometallic Pd and Bi catalyst samples at Pd 3d and Bi 4f core
levels.

The introduction of Bi into the electronic structure of Pd introduces noticeable
changes in the valence states of metals, which are observed on the XPS spectra. The
changes can be divided into three main groups. First, an increase in the proportion of Bi
in the catalysts leads to a shift of the Pd? 3ds» line towards lower binding energies from
334.9 eV in Pd/AL:Os to 334.8, 334.7, 334.6 and 334.3 eV in Pd20:Bil/Al:Os, Pd15:Bil/ALQOs,
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Pd10:Bil/Al20s and Pd5: Bil/ALQOs, respectively. This indicates a redistribution of charge
and the formation of electron-rich Pd states. The second noticeable change is the shift of
the Bi® 4f7 lines towards larger binding energies, and this shift is inversely proportional
to the addition of Bi and becomes more obvious with a decrease in the proportion of Bi in
the catalysts. The shift occurs from 156.9 eV in Bi/AL:Os to 157.0, 157.0, 157.2 and 157.3 eV
in Pd5:Bil/Al20s, Pd10:Bil/Al20s, Pd15:Bil/Al20s and Pd20: Bil/Al:Os, respectively. The
shift of the Bi’ lines towards greater binding energy proves the transfer of electrons from
Pd to Bi. The fact that a decrease in the Bi content leads to a greater shift clearly demon-
strates that in this case, a greater number of Pd atoms interact with Bi atoms. The third
noticeable change is a significant change in the ratio of Bi%/Bi™ states with a change in the
Bi content. When Bi is incorporated in a significant amount (Pd5:Bil/Al20s), most of it is
in the oxidized state. When the amount of Bi introduced is reduced to a minimum
(Pd20:Bi1/Al20s), a noticeable increase in the metallic state of Bi® is observed, which con-
firms the strong inter-metallic interaction between Pd and Bi.

Table 1. Binding energies and the values of contributions from various Pd 3ds2 and Bi 4f7 states in

Pd-Bi catalyst samples.

Sample/Al:Os3 Pd, eV Part, % Bi, eV Part, %
Pd°—334.9 86.6

PAALS, PdI—337.8 13.4 -

e
T =
T =
T ——
T

Temperature-programmed reduction with hydrogen (TPR-H2) profiles of Pd-Bi cat-
alysts along with the corresponding reference Pd/Al:Os sample are shown in Figure 7. In
the TPR profile of the monometallic Pd/Al2Os sample, there is a single peak of reduction
of the oxidized state of PdOx at 100 °C [23]. In the case of Pd-Bi catalysts, the peaks of H
absorption of an uneven shape are observed in the temperature range of 50-150 °C [50].
The peaks at =92 °C are associated with the reduction of PdO due to hydrogen absorption.
However, the appearance of the additional absorption peaks at 120-135 °C is probably
related to the reduction of the mixed form of Pd-O-Bi. The “humped” shape of the curves
at 50-150 °C indicates different dispersion of the nanoparticles and different contributions
of both larger particles and smaller ones. A similar pattern was found for active gold cen-
ters of different types: gold clusters and gold nanoparticles with different sizes and effec-
tive charges [51]. Owing to the small amount of the introduced Bi in the samples in the
temperature range from 300 to 400 °C, there are low-intensity bands of reduction of mon-
ometallic Bi species, which indirectly confirm the presence of monometallic Bi particles in
an extremely small amount.
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Pd20:Bil/ALO,
Pd15:Bi1/ALO,

Pd10:Bi1/ALO,

Pd5:Bi1/AlO,

Pd/ALO,

T T T T T T T T T
100 200 300 400 500
Temperature, °C

Figure 7. TPR profiles of samples Pd-Bi and monometallic Pd catalyst samples.

Speaking about the mechanism of the reaction of catalytic oxidation of glucose to
gluconic acid on Pd-Bi catalysts, the mechanism proposed by Besson et al. [52] is generally
accepted and most often used for description. (Figure 8). According to this mechanism, Bi
acts as a promoter protecting active Pd sites from deactivation, while Pd° has catalytic
activity in this process. The active sites of metallic Pd (1) are targets for glucose adsorption
(2) through H- and OH-groups (3, 4), and Bi (5), which has a higher affinity for oxygen
than Pd, is an acceptor of the oxygen molecule (6). The interaction of adsorbed hydrogen
and oxygen leads to the release of hydrogen peroxide molecules into the reaction media
(7), and glucose is transformed into an intermediate product, glucono-d6-lactone (8), which
is subsequently destroyed by an added solution of sodium hydroxide to form a molecule
of sodium gluconate (9).

(7) (2)
H,0, (1) CH,0H

OH OH
H OH ©
NaOH CH,0H

CH,0H H OH

Ve O-Na
H SN H
H OH H A
RN | 5 0
H OH )

@ 8)
H H CH,0H
- o
o H ~»—0
OH

H OH

jas]

Figure 8. The mechanism of selective oxidation of glucose to gluconic acid on Pd-Bi catalysts, pro-
posed by Besson [52].

Previously, the catalytic systems of the Pdx:Biy/Al:Os composition (where x:y = 3:1;
5:2; 2:1; 1:1; 1:2) were studied in the reaction of the selective catalytic oxidation of glucose
into gluconic acid (sodium gluconate). The catalyst with the lowest Bi content of the
Pd3:Bil/Al20s composition was found to have the highest efficiency (glucose conversion
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56.6%) and the sample with the highest Bi content of Pd1:Bi2/Al20s demonstrated the low-
est conversion of glucose (glucose conversion 27.8%) into the product due to the aggrega-
tion of nanoparticles particles, their leaching into a reaction medium and the blocking of
active sites. Therefore, the authors of this paper observed a tendency to increase the cata-
lytic activity with a decrease in the amount of the introduced Bi. Hence, in this work, the
authors focused on studying the promoting effect of Bi when it is introduced in smaller
quantities. Catalytic experiments were conducted using Pdx:Biy/Al:Os, where x:y = 5:1;
10:1; 15:1; 20:1 at a molar ratio of Glu:Pd = 5000:1. The rate constant and the initial reaction
rate were calculated at the first sampling (20 min after the start of the reaction) on the
assumption that the reaction proceeds according to the first order, since the solubility of
oxygen in water at 60 degrees and a pressure of 1 bar is much lower than the concentration
of glucose in 50 mL of solution (Cciu = 0.03 mol/50 mL, Coz = 3.56 x 105 mol) [53]. The
conversion in the presence of Pdx:Biy/ALOs catalysts depending on the atomic ratio is
shown in Figure 9.

80

70

60 -

50 +

40 +

Glucose conversion X, %

30 +

V04+——7F—""7T—"T""7T"TT T T T
o 2 4 6 8 10 12 14 16 18 20

Atomic ratio Pd/Bi

Figure 9. The dependence of the glucose conversion on the Pd/Bi ratio.

It was established that increasing the Pd proportion (i.e., decreasing the amount of
the introduced Bi) to Pd10:Bi1/Al2Os led to a significant increase in the glucose conversion
up to 77.2% with a selectivity for sodium gluconate that is equal to 96%. It is worth noting
that the only by-product was fructose, which is a product of glucose isomerization in an
alkaline medium. The samples with a lower Bi content (Pd15:Bil/Al:Os and
Pd20:Bil/Al20s3) demonstrated a decrease in the glucose conversion in the presence of
these catalysts up to 60.9% and 50.9%, respectively (Table 2) while maintaining the selec-
tivity for sodium gluconate of ~95%. Samples of catalysts with a Pd/Bi ratio of 5 and 10
show almost identical values of the initial reaction rate and the rate constant. Indeed, ac-
cording to the kinetic curves of the process (Figure 10), both catalysts show the same effi-
ciency for up to 40 min of the reaction. This tells us that the range of atomic Pd/Bi ratios
from 5 to 10 is optimal to ensure the highest efficiency of the reaction. However, 60 min
after the start of the reaction, deactivation of the Pd5:Bil/Al2:Os sample is stronger than
Pd10:Bil. Taking this fact into account, we suggested that the “ideal” exact ratio should
lie in the range between Pd/Bi, equal from 5 to 10, preferably closer to Pd/Bi = 10.
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Table 2. Catalytic parameters of the glucose oxidation reaction in the presence of the Pdx:Bi/Al203

catalysts.
Glucose Con- Sodium Glu- Fructose Sodium Gluconate Rate Con-  Initial Reaction
Catalyst version Xci. % conate Yield  Yield Yfm, Selectivity Sxsc, % stant k x 105, Rate Wo x 104,
! YNaGly, % % ! c-1 mol/(L x s)
No catalyst 3.3 - 3.3 - - -
Pd/AlL0s 28.7 25.9 2.8 90.2 7.77 0.45
Pd5:Bil/Al20s 69.3 66.4 2.9 95.8 21.13 1.12
Pd10:Bil/Al20s 77.2 74.0 3.2 95.9 21.03 1.11
Pd15:Bil/AlOs 60.9 57.8 3.1 94.9 19.54 1.05
Pd20:Bil/ALOs 50.9 48.2 2.7 94.7 12.00 0.67

Conditions: T 60 °C, pH 9, [Glu]:[Pd] = 5000:1, Co(Glu) = 0.6 mol/l, m(Glu) =5.4 g, V(solution) = 50 mL, t
=150 min.
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Figure 10. Kinetic curves of the process of glucose to gluconic acid oxidation over Pdx:Bi/Al2Os cat-
alysts.

Studies have shown that the optimal ratio of metals in Pd-Bi catalysts deposited on
v-AlQ:s for the process of selective oxidation of glucose to gluconic acid is achieved in the
Pd/Bi range between 5 and 10, and among the studied samples, Pd10:Bil/Al20s demon-
strated the best results. In this case, the amount of Bi is sufficient to demonstrate the max-
imum promotional effect. Bi acts as a promoter and has a positive effect on the functional
properties of Pd-Bi catalysts, preventing the degradation of Pd and modifying its mor-
phological and electronic properties, which leads to an increase in its catalytic properties.
It has been shown that a further increase in the proportion of Bi (Pd/Bi > 10) leads to a
decrease in catalytic activity.

The presence of Bi in the amount corresponding to the Pd10:Bi/Al20s composition
was sufficient to prevent the complete oxidation of Pd up to Pd" during the catalytic reac-
tion of glucose oxidation to sodium gluconate. This phenomenon indicates the protective
role of Bi, which prevents catalyst deactivation by oxidation of the active sites of Pd. In
view of this, Bi not only promotes effective conversion, but also ensures the stability of the
active phase of Pd under reaction conditions, allowing high catalytic activity to be main-
tained. The mechanism of this protective action may be associated with the modification
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of the electronic properties of Pd under the influence of Bi, as well as with the formation
of bimetallic structures that are resistant to oxidation.

Therefore, it is possible to conclude that a certain amount of Bi is necessary for the
effective modification of Pd and optimization of catalytic properties. An excessively low
Bi content does not provide a sufficient promoting influence, which leads to a decrease in
the catalyst efficiency. The revealed regularities denote the existence of an optimal Pd:Bi
ratio, at which the maximum efficiency is achieved during selective oxidation of glucose.

Thus, the catalyst particles obtained by this method have high dispersibility with a
size of 4-5 nm. The data on glucose conversion obtained in the presence of the catalyst
composition Pd10:Bi/AL20s (77.2%) exceed the results for the previously obtained compo-
sition Pd3:Bi/Al20s [33]. Moreover, the synthesis of catalysts by joint impregnation of the
support with acetylacetonates and acetates can be easily adapted to obtain other catalyst
compositions. The identified patterns will provide a basis for the design of new catalytic
materials. A deep understanding of the relation between composition, structure, and cat-
alytic properties will allow the targeted synthesis of catalysts with specified characteristics
optimized for specific processes and reaction conditions

3. Materials and Methods
3.1. Synthesis of Catalyst Samples

Shredded granules of the y-Al:Os support (SKTB Katalizator, Novosibirsk, Russia)
with a fraction of 125-250 um were pre-dried to remove moisture in a VAC-52 vacuum
cabinet (Stegler, China, Russian representative office: Moscow, Russia) at 120 °C for 24 h.
Further, the catalysts were prepared by joint impregnation of the support with acetic acid
(Ecos-1, Moscow, Russia, 99.5%, 200 mL) solutions of precursors Pd(CsH7O2)2 (Sigma-Al-
drich, St. Louis, MO, USA, 99%) and Bi(CHsCOO)s (Sigma-Aldrich, St. Louis, MO, USA,
99.99%) with constant stirring (500 rpm) using a 1500S magnetic stirrer (ULAB, Nanjing,
China) for 18 h. The solvent was then removed using a rotary evaporator (Heidolph,
Schwabach, Germany) in a water bath (55 °C, 60-80 rpm). The catalyst powders were then
dried at 80 °C in a vacuum oven for 24 h. The dried samples underwent successive three-
stage heat treatment in an atmosphere of Ar (500 °C, heating rate 0.7 °C/min), Oz (350 °C,
heating rate 1 °C/min) and Hz (500 °C, heating rate 1 °C/min) and held at a constant tem-
perature for 2 h at each stage of pretreatment. Samples of the composition Pdx:Bi/Al2Os
were obtained, where (x = 5; 10; 15; 20). The ratio between Pd and Bi was close to the
theoretically specified one during the synthesis of the catalysts. The total content of Pd
and Bi was ~5 wt. %. The textural characteristics and composition of the catalysts are pre-
sented in Table 3.

Table 3. Composition of catalysts and textural characteristics.

Sample/Al:Os

Pd, wt. Bi, wt. Atomic Ra- Specific Surface Area Total Pore Volume Average Pore Diam-

% % tio Pd/Bi Ssp., m¥/g V, cm¥/g eter D, nm
Pd5:Bil 3.5 1.6 4.2 133.7 0.27 6.2
Pd10:Bi1 4.1 0.8 10.4 127.1 0.27 6.2
Pd15:Bil 4.2 0.5 15.5 135.8 0.28 6.3
Pd20:Bil 3.9 0.4 19.2 133.1 0.28 6.2

3.2. Catalytic Experiment

Catalytic oxidation of glucose (0.6 M) was carried out in a three-necked reactor at 60
°C, atmospheric pressure and pH 9 (controlled by adding 3 M NaOH), where 50 mL of
glucose solution contained 5.4 g of glucose. The reaction mixture was continuously stirred
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(1500 rpm) and bubbled with oxygen (10 mL/min) for 150 min. Gluconic acid was formed
as sodium gluconate.

3.3. High Performance Liquid Chromatography

The analysis of glucose oxidation products was carried out by HPLC-RID on an Ag-
ilent 1200 liquid chromatograph (Agilent Technologies, Santa Clara, CA, USA) with a re-
fractometric detector using a Rezex ROA Organic Acid column (Phenomenex, Torrance,
CA, USA). The isocratic elution mode with 0.05% phosphoric acid solution at a flow rate
of 0.6 mL/min was selected. The injection volume was 2 pL, the thermostat temperature
was 45 °C, and the cell temperature was 45 °C. The analysis time was 20 min.

3.4. Low-Temperature Nitrogen Adsorption

The specific surface area of the samples was studied using a TriStar 3020 automatic
gas adsorption analyzer (Micromeritics, Norcross, GA, USA) based on nitrogen adsorp-
tion data at a temperature of —196 °C. The Brunauer—-Emmett-Teller (BET) multipoint
method was used to determine the specific surface area (Ssp) in the range of relative ni-
trogen pressure P/PO from 0.05 to 0.35. The Barrett—Joyner-Halenda (BJH) method was
used to determine the total pore volume (V) and average pore diameter (D). Before meas-
uring the specific surface area, the samples were pre-degassed (200 °C, vacuum) for 2 h.

3.5. X-Ray Fluorescence Analysis (XRF)

For qualitative and quantitative analysis of catalysts, an X-ray fluorescence spectrom-
eter Lab Center XRF-1800 Lab Center XRF-1800 spectrometer (Shimadzu, Kyoto, Japan)
equipped with a 4 kW X-ray tube with a rotation capability of up to 60 rpm was used. The
device error was +1%.

3.6. Transmission Electron Microscopy (TEM)

To evaluate the morphology and size of the particles of the obtained samples, as well
as their distribution on the surface of the carrier, the method of transmission electron mi-
croscopy (TEM) with the use of energy-dispersive analysis was used. To obtain images of
the particles, a JEM-2100F (JEOL, Tokyo, Japan) transmission electron microscope was
used. The microscope was equipped with an electron gun with field emission of the cath-
ode, a high-resolution pole piece (dot resolution of 0.19 nm) and a JEOL JED-2300 Analysis
Station spectrometer. Scanning to obtain high-resolution images was performed at an ac-
celerating voltage of 20 kV.

3.7. Scanning Electron Microscopy (SEM)

To study the grain structure of the catalyst samples by scanning electron microscopy
(SEM) using energy-dispersive analysis, SEM images of the studied catalyst samples were
taken. An EVO50 scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany)
with a tungsten hot cathode equipped with INCA ENERGY 350 X (Oxford Instruments,
Abingdon, UK) was used.

3.8. X-Ray Diffraction (XRD)

X-ray diffraction analysis (XRD) was performed on an XRD-6000 (Shimadzu, Kyoto,
Japan) equipped with a Cu X-ray tube with a long fine focus and a power of 2.2 kW at a
step of 1°/min according to the Bragg-Brentano scheme. The obtained data were deci-
phered using the International Center for Diffraction Data (ICDD) database, version PDF-
4+,
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3.9. Temperature-Programmed Reduction (TPR-Hz)

The reactivity of the samples towards hydrogen was studied using the temperature-
programmed reduction (TPR-H2) method. AutoChem 2950 HP (Micromeritics, Norcross,
GA, USA) automated chemisorption analyzer system with a thermal conductivity detec-
tor was used to measure the TPR-Hz. In addition, 0.05 g of each sample was collected for
analysis. The catalyst samples to be studied were preliminarily oxidized in an O: flow at
350 °C for 10 min, heating them from room temperature to 350 °C at a heating rate of 10
°C/min. Then, by increasing the temperature from 50 °C to 550 °C at a heating rate of 10
°C/min, the surface of the catalyst powders was reduced with a gas flow consisting of 10%
H2 in argon.

3.10. X-Ray Photoelectron Spectroscopy (XPS)

To study the chemical composition and electronic state of the surface atoms of the
catalyst samples, the method of X-ray photoelectron spectroscopy (XPS) was used. The
measurements were carried out using a 100-micron X-ray beam on a PHI 5000 Ver-
saProbe-II (ULVAC-PH]I, Chigasaki, Kanagawa, Japan) instrument equipped with argon
and electron guns, which were used to neutralize the charge arising in the analysis of non-
conducting samples (double beam charge neutralization method). The accuracy of meas-
urements of the binding energy was +0.1 eV for all the samples. The C 1s line at 284.6 eV
was used as an internal standard. When analyzing the XPS spectra, peak deconvolution
was performed using a mixed Gaussian-Lorentzian distribution by simultaneously sub-
tracting the background caused by secondary electrons and photoelectrons losing energy,
according to the Shirley algorithm. The obtained XPS spectra were processed using the
standard CasaXPS software (version 2.3.22PR1.0, 2018).

4. Conclusions
Key findings from the comprehensive study of Pdx:Bi/Al:Os catalysts:

1. During the preparation of catalysts, the granules of the y-Al:Os carrier are destroyed
from a fraction of 125-250 um to fine crumbs with rare inclusions of granules up to
80 um.

2. Pdx:Bi/AL:QO:s catalysts obtained by the method of joint impregnation of y-AlOs with
Pd(CsH7O2)2 and Bi(CHsCOO)s precursors have a high degree of dispersion with av-
erage sizes from 3.9 to 4.5 nm. The average size decreases with decreasing Bi fraction,
but the contribution from single inclusions of larger particles (>10 nm) increases. A
small amount of larger particles (>10 nm) does not have a significant effect on the
overall activity.

3. Pd and Bi demonstrate close proximity on the surface of the support. No monome-
tallic particles were found. An analysis of the composition of a random sample of
individual particles showed that all particles contain both Pd and Bi in their compo-
sition. For Pd10:Bil/Al:Os, the largest contribution is made by particles with an
atomic Pd/Bi ratio of 8-10, which corresponds to the theoretically calculated value
and the results of the XRF elemental analysis.

4. Analysis of the particle structure in the catalysts showed the presence of signals (111),
(200), (220), (311) of Pd fcc Fm-3m, and the absence of any signals that correspond to
Bi. The measured values of the lattice spacings are increased in comparison with the
standard values for Pd, which indicates the formation of a Pd-Bi solid solution with
an fcc structure.

5. The addition of a significant amount of Bi leads to a shift in the Pd° state towards a
lower binding energy, which leads to the formation of electron-rich Pd active centers.
An increase in the Bi additive also increases the proportion of oxidized Bi™ up to
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72.5%, while a minimal Bi additive leads to the opposite effect, reducing the propor-
tion of the oxidized state to 29.8%. With minimal addition of Bi, there is also a Bi®
shift towards greater binding energy. These dependences are explained by the strong
intermetallic electronic interaction of Pd and Bi.

6. It is shown that Pd" can take the form of both PdOx and Pd-O-Bi. which reduced at
different temperatures. Moreover, with a decrease in the Bi additive, the catalysts
have a greater tendency to form a mixed Pd-O-Bi oxide. TPR analysis showed that
Pdx:Bi/Al20s catalysts contain various forms of Pd, including PdO and mixed Pd-O-
Bi structures, which are reduced in different temperature ranges.

7. The Pd10:Bil/AL:Os catalyst demonstrated the highest efficiency in the reaction of se-
lective oxidation of glucose to gluconic acid (77.2% glucose conversion, 96% selectiv-
ity for sodium gluconate). However, both Pd10:Bi1/Al20s and Pd5:Bil/Al20s have al-
most identical rate constants and initial reaction rates, and the first 40 min proceed
the same for both samples. However, the deactivation of Pd5:Bil/Al>Os begins a little
earlier than that of Pd10:Bi1/Al2Os, which indicates that the exact optimal atomic ratio
of Pd/Bi is between 5 and 10 (presumably closer to 10).
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