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Pd—-Bi nanoparticles show high efficiency in catalyzing gluconic acid production by the glucose oxidation
reaction. Although this type of catalyst was studied for some time, the correlation between bismuth content
and catalytic activity is still unclear. Moreover, there is little information on the principles of the formation of
Pd—-Bi nanoparticles. In this work, the relation between bismuth content and the activity and selectivity of
the Pd,Bi,/Al,O3 catalyst in the glucose oxidation process was studied. The catalytic samples were prepared
by co-impregnation of the alumina support utilizing the metal—organic precursors of Pd and Bi. The samples
obtained were tested in the glucose oxidation reaction and were studied by transmission electron micro-
scopy (TEM), X-ray fluorescence analysis, X-ray photoelectron spectroscopy (XPS), and BET adsorption. It has
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been found that the Pd3:Bil atomic ratio grants the highest catalytic efficiency for the studied samples.
To explain this, we predicted stable Pd—Bi nanoparticles using ab initio evolutionary algorithm USPEX. The
DOI: 10.1039/d1cp01305; calculations demonstrate that nanoparticles tend to form Pd(core)-Bi(shell) structures turning to a crown-

jewel morphology at lower Bi concentration, thus exposing the active Pd centers while maintaining the pro-
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Introduction

Gluconic acid and its derivatives are valuable products of
glucose oxidation, which are used in various branches of
industry and everyday life due to their low toxicity, low corrosive
activity and ability to create complex compounds, used as
detergents, food additives and drugs."” Biotechnological syn-
thesis, which currently dominates the industry, is based on the
fermentation of a glucose containing substrate by various
bacterial strains and makes it possible to produce gluconic
acid with high efficiency.>* This method, however, possesses
significant drawbacks. The reaction medium must be extremely
sterile before strain transfer and friendly for bacterial
metabolism,>® the fermentation process lasts relatively long
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(usually up to 100 hours),””® and the product recovery presents a
challenging task.”' Also, microorganisms are very susceptible
to any kind of mechanical stress, which can reduce the pro-
ductivity of a strain and even lead to its death in the reactor."*
Heterogeneous catalysis is free of all the above mentioned
drawbacks and allows reaching high yield and selectivity of the
reaction."”™ Currently, bimetallic catalysts are attracting sig-
nificant attention due to their high efficiency and stability in
this reaction.’®™® In particular, it was shown that the glucose
conversion achieved on monometallic catalysts was 10% for
Pt/C and 15% for Au/C, while bimetallic catalysts made it
possible to get vastly better values - 80% for Au-Pt without a
support and 90% for Au-Pt/C.'® The greater activity, selectivity,
and stability of such catalysts are probably due to the electronic
interaction between metals’ atoms, as a result of which the
promoter creates an excess of electron density on the active
component’s atoms.'>?*® The presence of a modifier may also
decrease the energy of adsorption of the reagents on the active
component, which easily returns the active sites to an unoccu-
pied state,”® thus preventing poisoning of the catalysts.
Among the bimetallic catalysts described in the literature,
catalytic samples based on palladium promoted with bismuth
are highly efficient, since the promoting effect of the latter on
palladium leads to extremely high gluconic acid yields and
reaction selectivity.>*>> Studies**?” indicate a gluconic acid
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yield of more than 98% and a selectivity of more than 97% on
the 2Pd:Bi1/C, Pd10:Bi1/C, and 2.8 Pd-Bi1/C catalysts. For
catalysts of this composition, it is important to select the
optimal stoichiometric ratio of palladium and bismuth that
would make it possible to find a balance between activity, cost,
and stability of the sample in several reaction steps. However,
there is practically no systematic research of these systems that
would elucidate simultaneously the interconnection of their
structural, electronic, and catalytic features. Thus, in this work
we will attempt to explain the catalytic performance of Pd,:Bi,/
Al,O; samples based on the surface electronic properties and
structural organisation.

In this work the influence of the Pd:Bi atomic ratio on the
catalytic activity of five Pdx: Biy/Al,O3; samples prepared using
metal-organic precursors was investigated in the selective
glucose oxidation reaction. The measurements show that the
highest conversion is achieved at a rather low fraction of
bismuth (Pd3:Bil and Pd5:Bi2). To investigate this trend,
the structural features of the catalyst were modelled using first
principles evolutionary calculations. We show that at lower
bismuth concentrations, Pd,Bi,, clusters possess the crown-
jewel geometry with Bi atoms playing the role of “jewels”,
turning into a core-shell morphology at a higher amount of
bismuth. This result as well as the charge distribution between
surface Pd and Bi atoms explains the measured catalytic
behaviour with varying Pd : Bi ratios.

Materials and methods

Synthesis of catalytic samples

Microspherical y-Al,O; (“SKTB Katalizator’”) with diameters of
0.125-0.250 pm and surface area of 174 m”> g~ * was used as a
support. The total pore volume of the support was 0.35 cm® g~ .
Two monometallic Pd/Al,O; and Bi/Al,O; and five bimetallic
Pdx: Biy/Al,O; samples were synthesized in the work. For
bimetallic samples different values of Pd:Bi atomic ratio have
been chosen: 1:2, 1:1, 2:1, 5:2, and 3:1. Catalysts were
prepared according to the procedure described in ref. 28.

Texture characterization

The surface area, average pore size and total pore volume of the
obtained samples were determined using a TriStar 3020 analy-
ser (Micromeritics, USA). Approximately 100 mg of each sample
were degassed for 2 hours using VacPrep 061 (Micromeritics,
USA) before measurement. A Brunauer-Emmett-Teller method
was implemented for surface area value calculation, and a
Barrett-Joyner-Halenda method was used for pore size and
pore volume determination.

X-ray fluorescence analysis (XRF)

Elemental analysis of the samples was performed with an X-ray
fluorescence spectrometer Lab Center XRF-1800 (Shimadzu,
Japan). The X-ray tube with 40 kV voltage, 95 mA amperage,
and aperture of 3 mm was used for qualitative and quantitative
analysis. An X-ray generator was presented by a Rh-anode with a
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power of 4 kW. Measurement was conducted at a scanning step
of 8 degree min~—". The device error was 10%.

Transmission electron microscopy (TEM)

The morphology, particle size distribution and local chemical
composition of nanoparticles were determined by transmission
electron microscopy (TEM) and energy dispersive spectrometry
(EDS). We used JEOL JEM-2100F (JEOL Ltd, Akishima, Tokyo,
Japan) operating at 200 kV, equipped with an electron gun with
field emission of the cathode (FEG), a high-resolution pole tip
(with a point resolution of 0.19 nm) and a JEOL JED-2300
Analysis Station spectrometer (JEOL Ltd, Akishima, Tokyo,
Japan).

X-ray photoelectron spectroscopy (XPS)

The surface of the catalysts was studied by XPS. The measure-
ments were carried out using a PHI 5000 VersaProbe-II (ULVAC-
PHI, Chigasaki, Kanagawa, Japan) spectrometer equipped with
argon and electron guns for charge neutralization (double
beam charge neutralization method). The Al 2p line was taken
as an internal standard at 74.5 eV. The accuracy of the binding
energy measurements was 0.1 eV for all the samples. The
deconvolution of XPS peaks was carried out by a mixed Gaus-
sian-Lorentzian correspondence by simultaneously subtracting
the background caused by secondary electrons and photoelec-
trons losing energy, according to the Shirley algorithm. The
XPS spectra were processed using standard CasaXPS software
(Version 2.3.22 PR1.0, 2018, Casa Software Ltd, UK).

Measurement of catalytic properties

Liquid phase oxidation of glucose was performed in the tem-
perature range of 20-60 °C, at atmospheric pressure and in the
pH range of 6-12 in a static quartz reactor. Also, the reaction
was conducted without pH control. The pH level was main-
tained by supplying alkali and controlled using a glass com-
bined electrode throughout the entire catalytic process. Glucose
suspension (3.1 g) was previously dissolved in the reactor in
25 mL of water. Then the required amount of the catalyst was
added, and the pH was adjusted to 9 by adding the required
amount of 3 M NaOH (LenReactiv, Russia, 99%). Oxygen
was supplied into the reaction medium at a flow rate of
10 mL min~". The reaction was conducted for 150 min with
continuous stirring (1000 rpm). Samples of the reaction mix-
ture with a volume of 700 ul were taken periodically for HPLC
analysis. Glucose conversion (X), selectivity towards gluconic
acid (S), and its yield (Y) were calculated afterwards based on
the obtained HPLC data.

HPLC analysis

For qualitative and quantitative determination of reaction
products the column Zorbax NH2 250 X 4.6 mm, 5 pm (Agilent,
USA) with a refractive index detector was used. The temperature
of the column was kept at +55 °C. Silica gel with a bonded
aminopropylsilane phase was used as a stationary phase.
For the mobile phase a mixture of phosphate buffer solution
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(pH 2.5) and acetonitrile was used (volume ratio of 1:3).
Injection volume was 100 pL.

Pd,Bi, nanocluster structure optimization

Prediction of stable Pd,Bi,, clusters (n < 20, m < 15) was
performed using a variable-composition cluster structure
prediction method*® using the USPEX evolutionary code.?**"
The total energy calculations and structure relaxations were
performed using the projector augmented wave method>? at the
level of the generalized gradient approximation®® as implemen-
ted in the VASP code.>*”’ In these calculations we used the
plane wave kinetic energy cutoff of 450 eV, and to model finite
systems the supercell method was used, where periodic images
of a nanocluster are separated by a sufficient vacuum layer
(12 A) so that the interaction between periodic images vanishes.
Bader partial atomic charges were calculated using the
Multiwfn software.*®

Results and discussion
Texture characterization

The specific surface area decreased by 34-47 m* g~ ' compared
to the initial specific surface area of the support. Total pore
volume remains unchanged for Pd5:Bi2, and other samples
demonstrate a decrease by 0.02-0.09 cm® g~ '. Texture charac-
teristics among the prepared samples are practically identical.
The lowest surface area, pore volume and pore size are attri-
buted to the Pd1:Bi2/Al,0; sample. Exact values of the texture
parameters are presented in the ESIL,{ Table S1.

X-ray fluorescence analysis (XRF)

Table 1 shows the Pd and Bi percentage for all prepared
samples obtained by XRF. Pd : Bi atomic ratio values calculated
from XFA-data are 2.86, 2.40, 2.13, 1.05, and 0.55 for Pd3: Bi1,
Pd5:Bi2, Pd2:Bi1, Pd1:Bil, and Pd1:Bi2, respectively. The
ratio for Pd3:Bi1/Al,0; and Pd5: Bi2/Al,0O; are slightly below
the required value, but in general actual atomic ratios are close
to the desired ones.

Transmission electron microscopy (TEM)

The surface of the catalysts was examined by TEM. TEM images
are shown in Fig. 1, the lognormal particle size distributions
are shown in Fig. 2. The Pd/Al,O; sample demonstrates a
uniform distribution of nearly spherical metal particles over
the support surface, the degree of particle aggregation is small,
their diameter varies mainly from 1 to 8 nm, and the average
diameter is 4.3 nm. Similar characteristics are obtained for
Pd3:Bil. A further increase of Bi content leads to greater
average diameter (up to 14.5 nm), uneven particle distribution
across the support surface and appearance of large aggregates
reaching 45 nm in the case of Pd1:Bi2. This is due to the fact
that the melting point of bismuth is 271 °C*” and the addition
of significant amounts of bismuth can lead to the sintering of
particles at high temperatures (350-500 °C) during sample pre-
paration. TEM-images for Bi/Al,O; (ESI, Fig. S1) demonstrate

This journal is © the Owner Societies 2021

View Article Online

Paper

Table 1 Pd and Bi mass percentage in the obtained samples

Sample Pd content, mass% Bi content, mass%
Pd/Al,O; 1.3 —

Bi/ALO; — 2.0

Pd3: Bi1/Al,0, 3.5 2.4

Pd5: Bi2/Al,0, 2.8 2.3

Pd2: Bi1/Al,0; 2.5 2.3

Pd1:Bi1/Al,0, 2.3 4.3

Pd1:Bi2/Al,0; 1.1 3.9

50 nm

Fig.1 TEM-images of Pd (a), Pd3:Bil (b), Pd5:Bi2 (c), Pd2:Bil (d), Pdl:
Bil (e), and Pdl:Bi2 (f) samples.
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Fig. 2 Particle size distribution of Pd (a), Pd3: Bil (b), Pd5: Bi2 (c), Pd2: Bil
(d), Pd1:Bil (e), and Pd1:Bi2 (f) samples supported by Al,Os.

large particle agglomerates of 170-450 nm. A distinct feature of
the particle morphology for 30-45 nm particles is that their shape
differs from spherical and resembles cuboctahedra. This shape of
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nanoparticles indicates their formation from the smallest parti-
cles during the sintering of molten bismuth with palladium,
provided that the rates of crystallization and growth of nuclei
are comparable. Despite the contribution of these large particles,
the histogram maximum remains under 10 nm. Therefore, the
utilized synthesis method is suitable for obtaining nanoscale
particles.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used for investiga-
tion of the surface state for mono- and bimetallic samples
(Fig. 3). Peak deconvolution was performed for pattern inter-
pretation. XPS-patterns for Pd/Al,O; consists of two peaks
related to Pd 3d;z, and Pd 3ds), states with a binding energy
of 340.7 eV and 335.2 eV, respectively. In the XPS profile for the
Pd 3ds,, core-level, Pd° and Pd(u).qs phases are detected at
335.5 eV and 336.4 eV, respectively (Table 2).***° The XPS
pattern for the Bi 4f,,, core-level of Bi/Al,O; consists of two
peaks related to Bi® and Bi(i).qs states with a binding energy
of 156.8 eV and 158.0 eV, respectively.*>*" The presence of
oxidized phases is due to strong palladium and bismuth
adsorption by the alumina surface during the synthesis.*?
The XPS profile for Pd5 : Bi2 demonstrates peak shifts for Pd
3ds,, and Bi 4f;,, core-levels. Peaks previously attributed to the
Pd° and Pd(m),qs are now located at 334.5 and 336.3, respec-
tively. Peaks associated with Bi® and Bi(m),qs states are located
at 156.6 and 158.7, respectively. The peaks for Pd(m) and Bi’

a Pd(ll),,, Pd” Pd(ll), Pd’

b Bi(lll),  BI® Bi(Ill), Bi®

52

Binding energy, eV

Fig. 3 X-ray photoelectron spectra of mono- and bimetallic
catalysts for Pd 3d (a) and Bi 4f (b) levels.
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Table 2 Binding energies (in eV) for Pd 3d5/2 and Bi 4f7/2 core-levels

Sample Pd 3ds,, Bi 4f;),
Pd Pd® 335.2, —
Pd(11)aqs 336.4
Bi — Bi® 156.8
Bi(u1),qs 158.0
Pd3:Bi1l Pd° 334.6 Bi® 156.5
Pdgn)ads 336.0 Bigm)ads 158.2
Pd5: Bi2 Pd° 334.5 Bi® 156.6
Pd(1),4s 336.3 Bi(ur) 158.7
Pd2:Bi1 pd° 334.6 Bi® 157.1
Pd(1),4s 336.1 Bi(ur),qs 158.4
Pd1:Bi1 Pd° 334.4 Bi® 157.1
Pdgn)ads 336.2 Bi(ur)aqs 158.3
Pd1:Bi2 pd’ 334.4 Bi(1)aqs 157.6

Pd(u1)aqs 336.2

Bi(w) 158.7

states change their position only slightly (0.1 and 0.2 eV,
respectively), while the shift for Pd° and Bi(m),g; is significantly
larger (0.7 V). One can assume that electron transfer to Pd’
from bismuth adsorbed by alumina oxygen or palladium takes
place.*? It arises due to strong metal interaction created at the
heat treatment stage.***> Apparently, in this case Bi(m)yqs
undergoes full oxidation and yields the Bi(u) phase. The Pd3:
Bil sample shows no appreciable peak shifts for Bi 4fy,.
Palladium states still seem to be affected by the presence of
bismuth, which results in Pd® and Pd(u).qs peak displacement
(0.6 and 0.4 eV, respectively), but the bismuth content is
insufficient to create bismuth-associated peak shifts.

For the Pd1:Bi2 sample, significant peak displacement is
noted for the Pd°, Bi°, and Bi(m) states. Again, as shown before
for the Pd5: Bi2 sample, a peak attributed to Bi(u),qs is shifted
to 158.7 eV, which is likely to be indicative of Bi(m) state
formation. Simultaneously, a peak associated with Bi’ also
changes its position. Thus Bi(ui).qs and Bi® are responsible for
electron transfer to Pd°. There is still a noticeable difference
(0.4 eV) between the Bi(m),qs peak for the monometallic sample
and the shifted peak for Bi® of the Pd1: Bi2 sample. A complete
absence of Bi’ is possible since EDX-analysis shows the excess
of oxygen in this sample (ESIt Table S2). Bismuth’s higher
affinity to oxygen and its deposition over the palladium core
create suitable conditions for bismuth to adsorb the majority of
oxygen atoms. Presumably, Bi’ is not oxidized to Bi(m), but has
an intermediate oxidation state typical for alloys. The same
tendency is observed for Pd2:Bi1 and Pd1:Bil samples.

Bader partial charge analysis performed on a stable structure
of Pd-Bi nanoclusters shows that the intermetallic interaction
leads to the excess of electron density on palladium atoms
created by intermetallic electron transfer (—0.25 elementary
charge on Pd and +0.41 - on Bi, see the ESI,{ Table S3 for more
details). This must significantly enhance the catalytic perfor-
mance of the bismuth-promoted samples compared to Pd/Al,O;.
In particular, it must facilitate glucose adsorption through
hydrogen since it is characterized by a partial positive charge
induced by the oxygen in glucose. At the same time, a negative
peak shift is observed among Pd,:Bi, samples with particle
growth (334.6, 334.5, and 334.4 eV for Pd3:Bi1, Pd5:Bi2, and
Pd1:Bi2, respectively). Larger clusters (with more atoms) will
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possess a stronger screening effect and, as a consequence, lower
binding energy.*® A similar tendency was reported by Venezia
et al. for the pumice-supported Pd-Pt system and by Koel et al.
for Pd films deposited on Au.*”*®

Measurement of catalytic properties

The obtained catalyst samples were studied in the glucose
oxidation to gluconic acid at a [Glu]:[Pd] molar ratio of
5000:1 (Fig. 4). In the presence of the Pd/Al,0; sample, the
conversion is 29% (Table 3). Low values of glucose conversion
are probably related to the fact that monometallic palladium is
deactivated during glucose oxidation due to oxygen penetration
into the upper layers of palladium, which decreases the number
of active sites.*

At a bismuth content below 25% of the total atomic metal
content (Pd3: Bil sample) glucose conversion increased almost
twofold - up to 56.6%. A possible explanation for this was
proposed by Besson.”® During the reaction bismuth accepts the
excess of supplied oxygen forming Bi,O; thus protecting palla-
dium from oxidation. Meanwhile, palladium adsorbs hydrogen
from glucose, which then interacts with the oxygen in Bi,O;
forming H,0. After H,O desorption, the active sites of the
catalyst return to their pristine state.

The Pd5:Bi2 sample showed similar conversions compared
to the Pd3:Bil sample. This is probably because the atomic
compositions are rather similar. Further bismuth content
increase (Pd2:Bi1, Pd1:Bil, and Pd1:Bi2 samples) leads to a
decrease in conversion compared to Pd3:Bil and Pd5:Bi2
samples (47.5%, 42.1%, and 27.8%, respectively). Fig. 4 shows
the glucose conversion versus time graph. Despite different
glucose conversions, high selectivity values for the desired
product (93-100%) were noted for each sample. The only by-
product was found to be fructose in the presence of Pd, Pd5:
Bi2, and Pd2:Bil1 samples, which is a structural isomer of
glucose.

Accordingly, one can assume that it is the particle size that
changes the catalytic activity. Thus, the most active are particles

X, %
60 -

50
40
304
20

10

0 T T T T

T T T 1
0 20 40 60 80 100 120 140 160 t, min

Fig. 4 Glucose conversion versus time in the presence of different
catalysts.
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Table 3 Quantitative characteristics for glucose oxidation reaction in the
presence of Pdx: Biy/Al,Oz samples

Sample Xa, % Ya1ua, % Sciuar % TOF, s~*
Pd 29.1 27.1 93.1 0.46
Pd3:Bil 56.6 56.6 >99.9 0.68
Pd5:Bi2 52.2 51.8 99.2 0.56
Pd2:Bil 47.5 47.4 99.7 0.60
Pd1:Bil 421 421 >99.9 0.43
Pd1:Bi2 27.8 27.8 >99.9 0.38

with a diameter varying in the range from 4 to 10 nm. Nano-
particles of this diameter are present in Pd3: Bi1, Pd5: Bi2, and
Pd2:Bil samples, which demonstrated the highest glucose
conversion and gluconic acid yield values. The lowest glucose
conversion values were achieved in the presence of Pd1:Bil
and Pd1:Bi2 samples, whose powders contain a significant
amount of large particles formed due to the sintering of
palladium with bismuth during heat treatment, when the
amount of loaded bismuth was more than 50% of the total
metal atomic loading.>®

Post-catalytic sample investigation

The samples were examined by XRF and XPS after catalytic
tests. The catalyst samples were isolated from the reaction
mixture after catalytic tests, washed with distilled water, and
dried at room conditions. Since XRF determines the relative
element content in the entire bulk of the clusters and XPS
measures the element percentage only in the surface layer of
the particle, significant differences in the data obtained with
these two methods may be present.

The results of XRF analysis (Table 4) showed that samples
with small particle sizes, typical of low-bismuth (<25% of total
metal content) compositions, are less susceptible to leaching
into the reaction medium.*® For the Pd3:Bil1 sample, there is a
~6% and ~4% content decrease for palladium and bismuth,
respectively. Particles with a larger bismuth content (>50%)
show substantial leaching (up to 65% palladium and 49%
bismuth). This difference is caused by weaker binding of
Bi-rich particles to the support due to the larger size and their
lesser stability (see the ‘Pd,Bi, cluster characterization’ sec-
tion). Such high bismuth loss with growing bismuth percentage
for was reported by Wenkin Pd, : Bi,/C catalysts.!

XPS was used to measure the relative element content of the
samples before and after catalytic tests (Table 5). The Pd5: Bi2
sample demonstrates the highest extent of bismuth leaching,
which results in a significant Pd:Bi ratio change of 4.2.

Table 4 Palladium and bismuth content in Pdx:Biy/Al,O3 catalyst
samples after catalytic tests

Sample  Pd content, wt% Pd loss, % Bi content, wt% Bi loss, %
Pd3:Bi1 3.3 5.7 2.3 4.2
Pd5:Bi2 2.2 12.0 2.2 4.3
Pd2:Bi1 2.0 28.6 1.6 30.4
Pd1:Bil 0.6 45.5 2.3 41.0
Pd1:Bi2 0.8 65.2 2.2 48.8
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Table 5 Element atomic percentage for obtained samples before and
after catalytic tests

Sample O, at% Al, at% Pd, at% Bi, at% Pd:Bi ratio
Pd3:Bi1 Before 53.10 44.75 1.46 0.69 2.11
After 46.58 52.71 0.54 0.18 3.00
Pd5:Bi2 Before 47.31 51.87 0.50 0.32 1.56
After 48.66 50.79 0.47 0.09 5.05
Pd2:Bi1 Before 53.49 45.73 0.38 0.41 0.93
After 51.43 48.09 0.29 0.21 1.38
Pd1:Bi1 Before 51.34 47.59 0.37 0.70 0.53
After 52.59 46.96 0.27 0.17 1.59
Pd1:Bi2 Before 50.94 47.56 0.30 1.20 0.25
After 45.89 50.88 0.28 0.25 1.12

Bismuth content decrease mainly contributes to the change of
Pd :Bi ratio with an exception for the Pd3:Bil sample. Actual
Pd:Bi ratios before catalysis are 1.5-2.0 times lower than the
desired ones. This difference is caused by the fact that bismuth
atoms partially cover palladium thus preventing its detection by
XPS.>>*® This idea is supported by the fact that bismuth
possess lower surface energy compared to palladium.’®®’
Higher surface energy causes palladium atoms to aggregate
more intensively than bismuth atoms, which results in palla-
dium cluster formation with a further deposition of bismuth on
its surface. This is also confirmed by the Pd-Bi cluster structure
prediction performed in this work and discussed below.

Pd,Bi,, cluster characterization

The experimental techniques described above give precious
information about the catalytic performance of nanoparticles,
but give little information about their structures. Such knowl-
edge is important to understand the chemistry of catalytic
processes at the atomistic level and can shed light on the
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behavior of selectivity with varying Pd:Bi ratios. On the other
hand, the theoretical studies on this subject are missing as
well. To grasp the main structural features, we modelled the
studied nanocatalysts by free Pd,Bi,, nanoclusters with widely
varied area of compositions (n < 20, m < 15). The feasibility of
such a vast global optimization emerged only with the devel-
opment of a variable-composition evolutionary nanocluster
structure prediction method,?® where clusters with different
compositions are optimized in one shot by means of effective
exchange of the structural information. A number of the most
illustrative examples out of 300 globally optimized structures
are shown in Fig. 5 and divided in four groups discussed below.

Fig. 5a demonstrates the structures with Pd: Bi ratios equal
or nearly equal to those from the bulk phase diagram. We first
note that these atomic arrangements have little in common
with corresponding crystals. Two of them (Pd¢Biy and Pd;¢Big)
have structures of a distorted bcc lattice, and another two
(Pd4,Bis and Pd,sBis) are based on the Pd;;_,Bi, icosahedra.
These two structural motifs give rise to most of the locally
stable clusters as we’ll see below. All structures can be found in
the ESI, T Table S4.

As the nanoparticles are always thermodynamically unstable
against growth, various criteria of relative, or local stability can
be applied. The most widely used one is the positive value
of minimum second-order finite difference. The Ilatter is
defined as

Amin’(m,n) = min{Apa’(m,n), Agi>(m,n)}
where
Apa’(m,n) = E(Pd,;41Bi,) + E(Pd,,_,Bi,) — 2E(Pd,,Bi,),

and likewise for Ag;*(m,n). Thus, a cluster is considered stable,
or “magic”, if Apin’(m,n) > 0. Another important criterion is

\fb
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Fig. 5 Structures of stable Pd,,Bi, clusters: (a) having Pd:Bi ratios corresponding to stable compounds on the phase diagram; (b) based on bcc
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Pd-Bi core-shell structure.
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based on minimal dissociation energy. For a given cluster,
Pd,,Bi,,, all possible dissociations are considered and the mini-
mum dissociation energy, E4iss(, 1), is used as the degree of
stability. These two measures of stability were calculated for all
300 compositions and mapped in m-n coordinates in Fig. 6.

The map of Ani,’(m,n) in Fig. 6a has a few groups of
‘stability islands’. The example is the area of Pdg.,Bi,.«,with x
running from zero up to about 7. The corresponding structures
are built either with bce motif (Fig. 5b) or out of icosahedron
(Fig. 5c¢). Interestingly, most of the stable nanoclusters have
even numbers of Bi atoms - which renders the number of
electrons in the whole cluster even (if the number of electrons
were odd, we would have a magnetic cluster with open-shell
electronic structure). In all cases the Bi atoms are always on the
surface of the clusters and tend to form bonding with Pd rather
than with Bi. We also plotted the lines corresponding to bulk
compounds. It is seen, that contrary to our previous studies of
ionic-covalent systems,**”* there is no correlation between the
stability of crystalline and cluster compositions.

This, together with a rather disordered pattern of a map,
might be attributed to the extreme complexity of intermetallic
phase diagrams, especially at nanoscale sizes, where surface
comes into play.

To examine the effect of Pd:Bi ratio on structure and
stability let us look at the line Pd;.3,Bi;s_», going across the
whole map of dissociation energy Egss(m, n) (Fig. 6b). The
corresponding structures are given in Fig. 5d. Pd,Bi;; denotes
the transition from clusters with Bi atoms having no Pd
neighbors (PdBi;s) to those where all Bi atoms are bound to
Pd atoms (Pd,Bi,;). This transition is accompanied by an Eg;ss
gain of about 3 eV. Pd,(Biy clusters turn from core-shell to
crown-jewel geometry meaning that all Bi atoms are bound only

This journal is © the Owner Societies 2021

to surface Pd atoms. At the same time clusters become even
more stable entering the area of E4iss & 6 eV. These observa-
tions lead to a number of conclusions. The first one is already
mentioned. Bismuth tends to form a shell, which is consistent
with its lower surface energy compared to palladium, and
typically lower coordination numbers of bismuth atoms. This
can also be explained by the presence of lone electron pairs in
Bi(ur)-facing outwards. Second, low dissociation energies of
Bi-rich clusters explain higher metal leaching into the reaction
media. And most importantly, since promoting bismuth causes
occupying of surface sites, its lower amount (compared to bulk)
will benefit the reaction the most, since at a higher amount it
tends to form a shell, which blocks the active Pd centers.

The performed calculations and catalytic tests are consistent
with the scheme of oxidative dehydrogenation of glucose
proposed by Besson et al. (Fig. 7).>° Bismuth, which is depos-
ited on the surface of a palladium nanocluster, has a higher
affinity for oxygen than palladium.>” In the presence of an
oxidizing agent, bismuth undergoes oxidation itself, thus pro-
tecting the active sites of the palladium cluster from deactiva-
tion. Hydrogen chemisorbed on the palladium surface binds
with oxygen chemisorbed by bismuth forming water and or
hydrogen peroxide, which is desorbed from the surface after-
wards. Simultaneously, a lactone formation occurs, which is
then converted into gluconate ion in alkaline medium.

Thus, bismuth is predominantly oxidized in the course of
the reaction, and the interaction of bismuth oxide with palla-
dium hydride regenerates metallic bismuth in the catalytic
cycle and prevents palladium oxidation.

Promotion of catalysts leads to an increase of their activity,
as well as resistance to oxidative deactivation. An increase in
the stability of a catalyst containing a noble metal such as
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Fig. 7 Scheme of oxidative dehydrogenation of glucose on the surface of
a PdoBiz nanocluster.

palladium with the addition of a non-noble metal such
as bismuth, which is oxidized much more easily than the
platinum group elements, indicates a synergistic effect. A
noticeable decrease in catalytic activity in the presence of
the Pd1:Bi2 catalyst is caused not only by the blockage of
palladium atoms, but also due to the fact that the Bi® phase is
absent, and bismuth is in the valence state Bi(m). Thus,
bismuth is unable to adsorb oxygen and prevent oxidation of
the catalytic surface.

Conclusions

This investigation highlights the following points:

(I) Obtained mono- and bimetallic samples have an average
particle size of 4-15 nm. Growing bismuth content leads to
particle aggregation and enlargement causing weaker bonding
with the support, which results in particles washing out.

(II) Palladium atoms are characterized by an excess of
electron density for the Pd’ state induced by bismuth’s
electron-donor influence, as follows from XPS patterns. The
oxidized state of palladium Pd(u).qs is formed by strong inter-
action between palladium and alumina’s oxygen atoms. Bis-
muth is located on the palladium atoms thus preventing their
detection by XPS. At high bismuth content (Pd1:Bi1, Pd1:Bi2)
bismuth completely turns into its oxidized state, which is
possibly one of the reasons for its low catalytic activity.

(I) Pd,: Biy clusters tend to form “‘crown-jewel” structures
with bismuth atoms located on the palladium core, as shown by
USPEX-code structure optimization. No apparent correlation
between the cluster stability and metal ratio was found. The
cluster’s tendency for fragmentation increases with growing
Bi-content resulting in greater metal losses. Calculations of
Bader atomic charges demonstrate an excess of electron density
on palladium atoms, which is consistent with XPS patterns.

(IV) The Pd3:Bi1/Al,0; sample demonstrated the highest
activity (gluconic acid yield of ~57%). This atomic ratio grants
the smallest particle size and the optimal coverage of palladium
core by bismuth that protects active sites from oxidation and
does not block them completely.
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