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Bimetallic nanostructured catalysts prepared by laser
electrodispersion: structure and activity in redox reactions

A.A. Bryzhin®, E.V. Golubinal®, K.I. Maslakovi®, E.S. Lokteval®, |.G. Tarkhanoval®, S.A. Gurevich™,

D.A. Yavsin® and T.N. Rostovshchikova*@

Abstract: One-stage size-selective method of laser
electrodispersion (LED) was used to produce nanostructured
NiPd, NiMo and NiW coatings on the surface of alumina,
HOPG and Sibunit for the catalytic application. The
deposition of nanoparticles produced by LED of bimetallic
targets from alloyed or pressed metal powders provides the
uniform distribution of both metals on the outer support
surface; the metal ratio is similar to that in the original target.
The catalytic behaviour of produced “core-shell” catalysts in
comparison with monometallic analogues was tested in two
model reactions: the CO oxidation with oxygen on NiPd
catalysts supported on alumina and Sibunit; and thiophene
oxidation with hydrogen peroxide on NiMo and NiW alumina
supported catalysts. Novel LED bimetallic catalysts with
extremely low metal content (0.005%) were superior in terms
of activity and stability to monometallic ones and the
catalysts obtained by “wet” chemistry methods. Improved
catalytic properties of bimetallic LED catalysts are related to
the high density of single nanoparticles and the formation of
active metal-oxide interfaces on the support surface.

Introduction

Bimetallic catalysts are widely applied in industry because of
their enhanced catalytic properties compared to monometallic
catalysts and reduced content of noble metals*-3l. However, the
chemical synthesis of bimetallic catalyst is typically a multistage
process, which is far from easy to realize. Achieving
monodispersed bimetallic particles of uniform shape and
composition still remains a challenge. Physical methods of
deposition of nanostructured catalysts on the base of laser
ablation allow to overcome these difficulties and synthesise
bimetallic catalysts in one stage under environmentally friendly
and reproducible conditions®®l,

Among ablation techniques the laser electrodispertion (LED)
stands out for its ability to produce monodispersed metal drops
in the laser plasma torch. Their deposition on the support
surface makes it possible to produce “core-shell” size-selected
catalysts in one stage without auxiliary chemical reagents,
reduction agents and stabilizers, with these catalysts being
unusually stable against aggregation and sintering®®. The
uniform distribution of finely dispersed amorphous nanoparticles
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only on the outer support surface provides high activity of LED
catalysts at extremely low metal loadings (up to 10 wt. %). LED
catalysts strongly differ in structure, adsorption and catalytic
properties from supported catalysts synthesized by “wet”
chemical methods!*®-*2,

The scheme of the LED process is shown in Fig. 1. A high
power pulse laser is used to melt the metal target surface.
During each pulse the surface layer of the target melts,
evaporates, and the optical breakdown of metal vapour leads to
the formation of plasma (laser torch). Under the influence of the
plasma pressure metal microdrops escape the melted surface of
the target coming into laser torch plasma. These microdrops are
charged in the plasma up to the capillary instability threshold, at
which their cascade fission starts. Smaller and smaller molten
metal particles are generated during fission, and finally divided
drops of equal size fall on the surface of the support.
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Figure 1. Scheme of nanoparticle deposition by LED.

The main advantage of this method is that the particle size of
metal catalysts deposed by LED is independent of both the
support type and the surface coverage degreel®3. The fast
cooling of monodispersed nanodrops preliminarily produced in
the laser plasma torch during their deposition on the support
surface preserves their size, spherical shape and amorphous
structure. Monometallic LED catalysts comprising Pd, Pt, Ni, Cu
supported on carbon and oxide supports were widely studied in
several classes of catalytic reactions®3, and very promising
results were achieved in environmentally important reactions of
hydrodechlorination of chlorinated organic molecules. However
bimetallic LED catalysts were synthesized only recently 4151,

The Pd-Ni active component is one of the most interesting for
catalytic systems. Recently the possibility to produce a bimetallic
coating on the alumina surface using the NiPd alloy target for
LED deposition has been shown*4l. These bimetallic catalysts
with the total metal loading of 0.005 wt. % demonstrated higher
activity and stability in chlorobenzene hydrodechlorination than
their monometallic Pd counterparts. Monometallic Ni LED
catalysts showed low activity and were rapidly chlorinated in this
reaction.
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Compacted mixture of metal powders can be also used as a
LED target for deposition of bimetallic coatings. NiMo and Niw
nanoparticles supported by LED on y-Al,O; showed high
efficiency in oxidation of sulfur-containing substrates with
hydrogen peroxidel*3l. This process is of practical importance for
the development of new oxidative oil desulfurization methods as
an alternative to the traditional hydrotreating. Oxidative catalysts
are typically pure and complex oxides or metallates of Mo, W or
other V-VI group metalsi'®l. Ni-containing systems are at the
same time adsorbents and catalysts for two processes —
hydrogenation and oxidation*”]. These polyfunctional catalysts
are of special interest because they can be used both in
hydrotreating and oxidative desulfurization!*8l. There are two
reasons for the choice of thiophene as a model substrate for
oxidative desulfurization. Firstly, thiophene is the most resistant
to oxidation among thiophene derivatives contained in fuels*8l,
Secondly, we earlier observed the formation of sulfuric acid

during oxidation of thiophene on tungsten-containing catalysts[*l.

As a result, the corrosion medium is formed, which may
decompose the catalyst??, Therefore, the selected process
allows testing both the activity and stability of catalysts.

In this work we widen the scope of the application of LED
method to the synthesis of various types of bimetallic catalysts,
including Ni-containing ones, for the practically important
processes of environmental catalysis. For this purpose,
bimetallic NiPd nanoparticle catalysts were deposited on
different types of supports (alumina, HOPG, and Sibunit) by LED
of the alloy target, while bimetallic NiMo and NiW catalysts were
deposited on alumina support by LED of compacted mixture of
metal powders. Their monometallic counterparts were produced
by the same technique for comparison. NiPd catalysts were
tested in the model reaction of CO oxidation with oxygen, while
NiMo/W systems — in thiophene oxidation with hydrogen
peroxide. The main feature of these catalysts is the “core-shell”
distribution of single nanoparticles on support surface, which
makes the active component of the catalyst readily available to
reactants even at low metal loading (10 wt.%).

Results and Discussion

Catalyst structure

The estimation and comparison of metal loadings in LED
systems produced on flat and granulated supports is a
challenging task; the detailed description of metal loading
calculation for flat (carbon-coated Cu TEM-grids (C-grids) and
HOPG) and granulated supports (alumina and Sibunit) is
presented in Tables S1 and S2 in Supporting Materials (SM).
Further in this article the metal loadings on model flat supports
will be presented as the degree of surface coverage with
nanoparticles in the form of the number of layers of metal
nanoparticles on a carrier surface (NPL); for granulated supports
- in wt.%; the comparison of metal loadings in flat and
granulated catalysts can be made on the base of Tables S1 and
S2in SM.
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NiPd catalysts

Results of the TEM and XPS study of monometallic Ni, Pd and
bimetallic NiPd LED coatings are detailed inf*%421, According to
these works Pd and Ni metal nanoparticles in monometallic
samples were about 2 nm in size independently on the support
type and metal loading. This is confirmed by the example of Pd
nanoparticle images on C- grid shown in Fig. 1, SM. The particle
size distribution only slightly changed for different surface
coverage from 1.0 to 0.1 NPL. The uniform distribution of size-
selected NiPd particles of about 1 nm in size was found in
bimetallic catalysts deposited by LED from the NizzPd.3 alloy®4,
According to STEM/EDS data for NiPd/Al,O3 (Fig.S2, SM), both
metals were located at the same areas on the catalyst surface
and in all analysed areas nickel prevails over palladium about 3
times. These data may be considered as an evidence for the
formation of bimetallic particles, or at least both metals are
situated in close vicinity.

The electronic state of Ni and Pd on the surface of mono- and
bimetallic LED catalysts supported on alumina granules was
thoroughly studied by XPS. In XPS spectra of monometallic
catalysts components related to metallic (Pd°, Ni°) and oxidized
(Pd?*, Ni?*) states were observed['®2122 The typical spectra of
Pd/Al,O3 granule, initial and after reduction with H, at 150°C, are
shown in Fig. S3, SM. The presence of distinct signals at such a
low metal content (0.005 wt.%) indicates the “crust-like”
distribution of metal on the outer surface of the support granule;
the signals disappeared after crushing of the catalyst’s granules.
Results of the decomposition of earlier published 1014 XPS
spectra for mono- and bimetallic samples are summarized in
Table S3, SM.

The values of Ey for metallic states are close to known data for
Ni® 23l and Pd° 24, But peaks of oxidized states were observed at
binding energies at 856.0 eV for Ni2p and 338.0 eV for Pd3d
that are higher than the values of 854.5 eV for NiO? and 336.7
eV for PdOR4, Such shift can be explained by metal-support
interaction (MSI) which may even lead to the formation of nickel
aluminate®® or other mixed oxides?® e.g. NiOsPd in bimetallic
catalyst.

XPS experiments on in-situ metal reduction have shown that the
reducibility of oxidized forms of Ni and Pd is different in
bimetallic and monometallic coatings (Table S3, SM); the
reduction proceeds much easily in monometallic LED systems.
Under hydrogen treatment NiO in Ni/Al,O3 catalyst started to
reduce at 300°C. But Ni?* species in NiPd/Al,O; were not
reducible with H; even at 450°C. The oxidized Pd species on the
surface of Pd/Al,O3 can be heavily reduced to Pd® at 150°C, but
only 32% of Pd in bimetallic NiPd/Al,Oz transforms to Pd° at this
temperature. The observed difference in reducibility of metals in
mono- and bimetallic catalysts can be caused by smaller particle
size and stronger metal-oxide interactions in NiPd system.

It is reasonable to assume that the MSI may be diminished by
replacing alumina with a more inert carbon support. To check
this assumption two carbon materials - HOPG and Sibunit were
used for metal deposition in this work. The former is flat and
conducting, and therefore more suitable for model experiments,
while the granulated Sibunit is commonly used as industrial
adsorbent and catalyst carrier 7,
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Typical XPS spectra of mono- and bimetallic Ni,Pd systems
supported by LED on HOPG and Sibunit are presented in Fig. 2.
Ni2ps;> spectra were fitted with three components (Table 1). The
narrow component at the binding energy of 852.6 eV
corresponds to metallic Ni?>281 while the component centred at
853.1 eV can be assigned to Ni with interstitially dissolved
carbon or to surface carbide NiCx[?8%9. Larger area of this
component compared to the Ni° component testifies the
significant MSI in both Ni-containing samples.

The broad component at the binding energy of about 856 eV
with the intensive shake-up satellite is attributed to oxidized Ni?*
species. As in the case of alumina supported particles, this
binding energy is significantly higher than that for NiOP. |t
cannot be assigned to Ni(OH).E% because the separation
distance between the main peak and the satellite (5.1 eV) is
lower than that for Ni(OH), (about 6 V), More probably this
component can be attributed to mixed oxides, and also to Ni*
saltsl?®, for example, or NiCxOy species resulting from Ni
interaction with O-containing functional groups on the Sibunit
surface. Two types of Ni species bonding with the surface of the
other carbon support — nanodiamond - through oxygen-
containing functional groups and directly with the carbon surface
were earlier observed inf34,

The percentage of oxidized species increases with decreasing
surface coverage of a support by Ni particles. The same trend
was earlier observed for Ni/Al,O; catalysts produced by LED?,
It was well-established that the particle size in LED coatings is
independent on the metal loading or surface density of
particles®l. Therefore, we can propose that the interaction with
oxygen-containing surface groups is responsible for the fact that
nickel oxidation is higher for isolated particles than for islands of
particles in denser layers.

In the same way the Pd3ds,; binding energy for all the samples
supported on HOPG and Sibunit is about 0.7 eV higher than that
for metallic Pd (335. 2 eV (Fig. 2, ¢, d) probably because of
the palladium interaction with carbon support. Such shift was
earlier attributed to the formation of PdCx species?34,
Therefore, to fit Pd3ds, XPS spectra we also used two narrow
components with a binding energy that differs by 0.6 eV and
attributed to metallic Pd and PdCx. Two additional broader
components at 336.6 and 338.3 eV may be assigned to PdOP4;
and other Pd?* species, probably, in mixed NiOxPd oxides or in
products of the Pd interaction with oxygen-containing groups on
the carbon surface, as it was discussed above for Ni. For
example, the same value of Pd3ds;; binding energy (338.3 eV)
was found for palladium acetate. The fitting results (Table 1)
demonstrate that at high Pd loading the fraction of oxidized Pd
species on HOPG is low, while the major part of Pd exists as
PdCx

The presence of MeCx species in carbon-supported samples is
also confirmed by their Cls spectra (Fig. S4, Table S4, SM).
The shoulder in these spectra on the low energy side of the
main line attributed to sp?-carbon indicates the presence of MSI.
This shoulder is the most pronounced in the spectra of samples
with high Ni loading. The fitting of the C1s spectra of the HOPG-
supported samples revealed the significant contribution of the
component at binding energy of 283.8 eV, that can be attributed
both to NiCx[?82% and PdC,* species. The contribution from
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MeCx species to the Pd3d, Ni2p and Cls spectra is lower for
Sibunit-supported samples than for HOPG-supported ones due
to the higher fraction of surface functional groups on the
Sibunit?7],

Summarizing, we can conclude, that independently on the type
of a support Ni and Pd in LED bimetallic systems are situated in
close vicinity, may be in the composition of the same patrticles,
as it is evident from EDS data. According to EDS and XPS
studies (Table 2), the Ni/Pd atomic ratio in the samples
produced by LED of NiPd alloy target on the surface of alumina
or carbon supports (3-3.5) is close to this value in the initial alloy
(about 3.35, or 77:23).

Surprisingly Ni and Pd in LED catalysts strongly interact not only
with alumina, but also with carbon support. Probably carbide-like
species are formed on the surface of nanoparticles during LED
deposition of metals. Oxidized metal species also exist on the
surface, especially in the samples with low metal coverage. For
all HOPG samples the fraction of reduced metal forms is similar
in mono- and bimetallic counterparts- In contrast, palladium is
more reduced in bimetallic NiPd catalyst on the Sibunit support
than in monometallic one, while the amount of reduced nickel
does not change. From the comparison of XPS spectra before
and after in situ reduction with H, (see e.g. Fig. S3, SM) it is
seen that Me?* in bimetallic samples is much difficult to reduce
than in monometallic samples.

Table 1. Percentage of components in Ni2ps2 and Pd3ds2 XPS spectra of
NiPd samples supported by LED on HOPG and Sibunit and their attribution to
different species

Metal

loading Ni Pd
Sample NPL, . 4 2+
Hopg) N NS NTpp pgc, PAO Pd
orwt.oh (852.6)E53 18559 qop o a0 (336.5-(338.2
(Siburit) 853.2) 856.1) 336.6) 338.3)
Ni/HOPG 01 9 25 66 - - - -
Ni/HOPG 0.5 7 48 45 _ _ _ _
Pd/HOPG 01 - - - 5 39 48 8
Pd/HOPG 0.5 - - - 17 81 - 2
NiPdHOPG 01 6 19 75 2 42 46 10
NiPd/HOPG 05 16 3 50 4 8 9 3
Ni/Sibunit ~ 0-005 2 16 82 - - - -
Pd/sibunit ~ 0-005 - - - 19 37 26 18
NiPd/Sibunit  0-005 6 7 87 12 73 8 7

[a] Binding energies of components (eV) are presented in brackets
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Table 2. Surface concentration of elements (at.%, XPS) in Ni, Pd and NiPd
catalysts on Sibunit with 0.005% metal loading

Catalyst Ni Pd o C

Pd/Sibunit - 3.8 5.6 90.6
NiPd/Sibunit 5.3 1.5 18.5 74.7

Ni/Sibunit 9.1 - 26.1 64.8
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Figure 2. Ni2p (a, ¢) and Pd3d (b, d) XPS spectra of NiPd, Ni and Pd catalysts
with different metal loading: 0.1 and 0.5 NPL on HOPG (a, b); 0.005% on
Sibunit (c, d).

Mo/W catalysts

Typical SEM image and EDX spectra of monometallic sample
(Mo/Al;03) are shown in Fig. S5 (SM), metal mapping indicates
that Mo is uniformly distributed over the support surface. On the
other hand, TEM images of all monometallic catalysts show the
absence of high contrast particles that can be attributed to nickel,
molybdenum or tungsten in the metallic state. This may be
related to oxidized state of metals on the surface of
monometallic samples, which are difficult to distinguish on the
alumina surface. The presence of particles of different
interplanar distances some of which cannot be attributed to
alumina phase indirectly confirms this idea. For example,
domains with interplanar distance of 0.21 nm that corresponds
to NiO (200) were observed in the TEM images of Ni/Al,Oz (SM,
Fig. S6 a). The presence of heavy metals is clearly seen in
HAADF-STEM images as bright fields contrasted with grey
alumina areas (SM, Fig. S6 b-d).

In contrast to monometallic samples, dark particles 4-7 nm in
size were observed in the TEM images of bimetallic NiMo- and
NiW/AlL,O; samplesi*®. Stronger contrast of these particles
compared to alumina evidences that they may contain the
fraction of non-oxidized metals (Ni, Mo, and W). According to
TEM- and STEM-EDS data (Fig. S7 and S8, SM), both metals in
bimetallic samples are uniformly distributed on the support,
regardless of its type (C-grid or alumina surface).

10.1002/cctc.202000501
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Table 3. Percentage of Ni2ps;2, Mo3ds;2, and W4f72 components in XPS
spectra of Ni, Mo and W catalysts supported on alumina and their attribution to
different species. The data for bimetallic samples are reproduced from*s!

Metal Ni Mo w
loading,
wt. %
(XPS metal
ratio)

Sample NP NS Mo® . Mo™  Mo® WO WA wet

I
(852.6)@ (855.9) (227.9) (230.8) (232.4) (31.1) (33.6) (35.5)

Ni/Al,O 0.05 37 67
2 (Ni/AI=3.4)

Ni/Al20: 0.005 1 99
i - - - - -
2 (Ni/AI=0.35)

Mo/Alz0. 008 0 58 42
> (Mo/AI=0.11)

0.005
W/ALOs = - - - - 0o 23 77
(W/AI=0.10)

0.004
NiMo/Al203 (Ni/Al=0.28, 19 81 7 35 58 - - -
Mo/Al=0.31)

0.007
NiW/Al203  (Ni/Al=0.58, 28 72 - - - 28 12 60
WI/AI=0.67)

[a] Binding energies of components (eV) are presented in brackets

The results of the XPS study of alumina-supported bimetallic
NMo and NiW catalysts are shown in SM (Fig. S9) and Table 3
in comparison with their monometallic counterparts. As can be
seen from Table 3 the atomic ratio of Ni:Mo and Ni:W on the
surface of bimetallic catalysts is close to 1, that corresponds to
this value (50:50) in the initial mixture.

Fitting of Mo3d and W4f spectra in accordance with[23:30.35]
revealed the contribution from several species (Me°, Me**, and
Me®*), but the percentages of these states are different in mono-
and bimetallic samples. According to the fitting results (Table 3),
only oxidized metal species (Mo*, Mo®, W**, and W®") are
observed in the monometallic Mo/Al,O; and W/AI,O3 catalysts.
In contrast, the XPS spectra of bimetallic catalysts revealed the
presence not only of oxidized metal species but also Me®, which
confirms the assumption previously made on the base of TEM
data. This contribution is especially high in the case of NiW.
Indeed, the content of Mo® in bimetallic NiMo catalyst is 7 at.%
(Table 3), whereas in bimetallic NiW the W° percentage is as
high as 28 at.%. The percentage of Ni® species also increases in
bimetallic catalysts compared to monometallic Ni/Al,O3; with the
similar Ni content. Such high fraction of metallic Ni was
observed only for the Ni/Al,Oz; with ten times higher nickel
content (0.05 wt.%) than in its bimetallic counterpart. Therefore,
the distinctive characteristic of bimetallic catalysts is the
presence of zero-valent metals and different oxidized states of
Ni, Mo and W. The appearance of the reduced metal forms in
the bimetallic samples may be connected with the intermetallic
interaction® that can hinder the oxidation of both metals in the
oxygen-containing environment. The formation of intermetallic
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compounds becomes highly probable at extremely high
temperatures under laser ablation. The simultaneous presence
of metals and their oxides and the appearance of the metal-
oxide interfaces can enhance the catalytic performancel’l. The
difference in the electronic state of metals in mono- and
bimetallic catalysts determines the features of their catalytic
behaviour.

Catalytic properties

CO oxidation with oxygen on mono- and bimetallic NiPd
catalysts

Palladium catalysts supported on alumina by common methods
usually oxidize CO at relatively high temperature, higher than
150°CB8l. The light-off temperature significantly depends on the
CO/O; ratio. Due to the strong CO adsorption on active Pd sites
the CO oxidation proceeds at even higher temperature when the
stoichiometric ratio of reagents is used instead of oxygen-reach
mixturel*?. In this case the light-off temperature on the Pd
catalysts synthesized by standard chemical methods shifts to
about 200°C. For example, at the stoichiometric reaction
conditions the temperature of 10 % CO conversion (T1) on the
0.6%Pd/Al,O3 catalyst prepared by deposition-precipitation was
in the range of 175-192°C depending on the catalyst pre-
treatment and Pd particle size*?l. Ni/Al,O; catalysts prepared by
impregnation were inactive in CO oxidation under these
conditions!*4,

Stoichiometric CO/O, mixture (2 vol. % CO, 1 vol. % O,, He
balance) was used for testing mono- and bimetallic Ni and Pd
LED catalysts with 0.005 wt% metal loading. Fig. 3 shows the
temperature dependence of CO conversion on NiPd/Al,O3
catalyst. The values of T1o for mono- and bimetallic catalysts are
presented in the insert in Fig. 3. The comparison of these data
demonstrates that not only Pd but also Ni nanoparticles
deposited on the alumina support by LED in extremely low
amount (0.005 wt.%) show the good activity in CO oxidation.
Moreover, Ty, for Ni catalyst (252°C) is very close to that for Pd
and NiPd ones (Fig. 3, insert). Such high efficiency of Ni
catalysts in CO oxidation at relatively low temperature is very
unusual, and not typical for catalysts prepared by “wet” methods
(e.g. by impregnation) and containing only NiO species at such a
low Ni content??4l, The improved reducibility of Ni in
monometallic LED catalysts compared to the commonly used
systems*? provides simultaneous presence of Ni°® and Ni?*
which can improve the adsorption and catalytic properties of
LED catalysts*?. The theoretical and experimental studies have
shown that the CO molecule is more easily activated at the
metal-oxide interface due to electron transfer from metal to
oxide 3!,

10.1002/cctc.202000501

WILEY-VCH

100
o0 —@—NPdALO, o mees
80 | B
2 TO—_ ".
- 60 - S
5 1 g
g 50
> 1 /
g 40 "r T °C
o 1 heating  cooling
O 30 -1 run run
o 1 Ni/Al,0y 252 185
20 -~
] = PA/ALOs 335 200
10 + ’,--‘O NiPd/ALO, 545 140
- O -
0 p—c— = L A B
100 150 200 250 300 350 400 450
Temperature, °C
Figure 3. Temperature dependences of CO conversion on 0.005

wt.%NiPd/Al2O3 catalyst (filled symbols represent heating run while empty
symbols — cooling run; pulse number is shown near data points on the
isothermal segment of conversion curve). Tio temperatures for monometallic
Ni and Pd catalysts with 0.005 wt.% metal content reproduced from(1%21 gre
presented in the insert.

It's worth noting that at 300°C the CO conversion on the
bimetallic NiPd/Al,O; catalyst isothermally increased from 40 to
90% with each subsequent pulse of the reaction mixture. This
increase was not observed neither at higher nor at lower
temperatures (SM, Fig. S10). Monometallic catalysts on alumina
didn’t show this effect. The isothermal increase of conversion
may be attributed to the reduction of oxidized metal species
under the action of COI, The different reducibility of the active
components in mono- and bimetallic catalysts may be the
reason of their different catalytic performance. According to the
data of Table S3 (SM), the reduction of oxidized Ni and Pd forms
proceeds much easily in monometallic LED samples compared
to bimetallic ones. Therefore, by the time the reaction begins,
active sites in monometallic catalysts have already been
substantially reduced.

Higher CO conversion values on the NiPd/Al,O; catalyst were
observed at each temperature point in the cooling run than in the
heating one (Fig. 3). As a result, the Ty temperature decreased
up to 140°C in the cooling run. This temperature is lower than
those for the monometallic Ni/Al,O; and even for Pd/Al,O; LED
catalysts with the same metal loadings, as well as for
conventional Pd/Al,O; catalysts with three orders of magnitude
higher palladium loading“°l.
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Ni, Pd,and NiPd catalysts with 0.005 wt.% metal content (pulse number is
shown near data points of the isothermal segment of conversion curve).

The higher light-off temperatures were observed for catalysts on
Sibunit support (Fig. 4). The Ni/Sibunit catalysts showed the
lowest activity: T1g was 350°C, and at 450°C the CO conversion
was only 30 %. Palladium containing catalysts (Pd/Sibunit and
NiPd/Sibunit) demonstrated higher activity and provided
complete CO conversion at 450°C. As in the case of bimetallic
NiPd/AlI,O3, the CO conversion on NiPd/Sibunit isothermally
increased at 400°C. But in contrast to alumina supported
catalysts this phenomenon is characteristic also for
monometallic Pd/Sibunit sample at lower temperature of 350°C
(SM, Fig. S11). The distinction in temperatures of isothermal
growth of the conversion for Pd and NiPd/Sibunit samples can
be attributed to different electronic states of metals and different
nature of the processes leading to this improvement. According
to the XPS results, about 40% of Pd in the Pd/Sibunit catalyst is
oxidized (PdO and other type of Pd?* species). These oxidized
species should be probably reduced at 350°C (Table S3, SM).
By this means, the reduction of Pd?>* as well as the
transformation of carbide form of Pd may take place in
monometallic catalyst.

However, NiPd/Sibunit comprises very low fraction of oxidized
metal, while the predominant form of Pd in this sample is PdC,.
Therefore, in this case the isothermal increase of CO conversion
can be hardly connected with the additional Pd reduction, the
transformation of carbide form into active species should be
more important. The role of PdCx and PdO forms in the CO
oxidation was earlier discussed for the Pd/CeO; catalyst*4l.

It should be noted that the reduction of Ni?* in the presence of
Pd is usually believed to be a reason for the improvement of
catalytic efficiency of common bimetallic NiPd catalysts prepared
by “wet” methods. Pd is known to decrease the reduction
temperature of the second metal in the bimetallic system via
hydrogen spillover from Pd to oxidized species!*®l. However, this
is not the case for LED prepared systems. Indeed, the
comparison of XPS data presented in Table 1 for Ni/Sibunit and
NiPd/Sibunit demonstrates the similar content of Ni** species
(82% and 87%) but their catalytic performance is different.
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All three Sibunit-supported catalysts show catalytic action at
about 100°C higher temperatures than their counterparts
supported on alumina. This probably results from the stronger
interaction of Pd with carbon than with alumina, which is
confirmed by the high percentage of PdCx species detected by
XPS.

As discussed above, the efficiency of CO oxidation strongly
depends on CO/O; ratio in the reaction mixture. The comparison
of our results with literature data is only possible for the catalysts
tested under the same conditions. Earlier bimetallic CuPd/Al;,O3
and NiAu/Al,O;, catalysts synthesized by conventional
impregnation and ion exchange methods were tested in CO
oxidation using the same stoichiometric CO/O, mixturel#°41,

Table 4. TOF values for CO oxidation on LED and conventional catalysts at
250 °C.

Metal loading,

Catalyst s TOF, s* Ref.
NiPd/Sibunit 0.005 16 This work
Pd/Sibunit 0.005 4 This work
Ni/Sibunit 0.005 0 This work
NiPd/Al203 0.005 26 This work
Pd/Al203 0.005 7 21
Ni/Al203 0.005 4 12
AuNi/Al203 0.1 0 7]
PdCu/Al203 1 1 1“6]

Table 4 shows the comparison of TOF values for LED catalysts
synthesized in our work with the literature data. TOF values
were calculated at 250°C in accordance with equation based on
Basset-Habshood kinetics®”l. Detailed description of the
calculation based on CO conversion vs. temperature
dependencies obtained in pulse mode is presented in S3, SM.
Only the amount of Pd in the NiPd/Sibunit catalyst was taken
into account in the calculation, since Ni was not active at this
temperature. It's clearly seen that LED catalysts show orders of
magnitude higher activity than that of conventional catalysts.
Such a high activity of LED catalysts results from fine dispersion
of metal particles and their distribution over the external surface
of support pelletsi*€l, Comparison of the LED catalysts supported
on both Sibunit and Al,O; shows that the activity of bimetallic
catalysts is higher than that of monometallic samples. This may
result from the interaction of metallic and oxidized Pd and Ni
species with each other and with the support. According tol9,
the CO oxidation occurs in two stages: the acceptor stage when
oxygen accepts electrons from the nanoparticle and the donor
stage when an ion-radical of CO; returns the electron to catalyst.
The electron transfer may proceed easier when not only reduced
metal but also metal oxide forms exist in the catalyst; at the
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metal-oxide interface the barrier of CO molecule activation
should be decreased!®743],

Thiophene oxidation by hydrogen peroxide on monometallic and
bimetallic NiMo and NiW catalysts

The possibility of LED deposition of uniform bimetallic oxide
coatings comprising Ni and Mo or W on alumina support when
using a pressed mixture of their powders as a target has been
recently demonstrated*s],

This work compares the structure and properties of such
bimetallic LED catalysts with their monometallic counterparts on
the example of thiophene oxidation with hydrogen peroxide. The
main product of this reaction on both monometallic (Mo and W)
and bimetallic catalysts is sulfuric acid. The kinetic curves of
thiophene conversion are compared in Fig. 5.

60

50 —o— NiW/Al, O3 (0.007 % Me)

40
—o— NiW/Al, O3 (0.005 % Me)

% —o— NiMo/AlO5 (0.004% Me)
20
—e— WJAI, O3 (0.005 % Me)
10
Mo/Al; O3 (0.005 % Me)

0

Conversion of thiophene, %

0 1 2 3 4
Time, h

Figure 5. Thiophene conversion vs. reaction time at 60°C on mono- and
bimetallic catalysts comprising Ni, Mo and W.

The Ni/Al,O3 catalysts were totally inactive in this reaction
regardless of Ni loading (0.05 or 0.005 wt.%). Ni is known to be
significantly less active in thiophene oxidation than metals of V—
VI groups®. In contrast, both Mo/Al,0; and W/AI,O3 showed
remarkable activity in thiophene oxidation. However, the Ni-
containing bimetallic catalysts demonstrated higher activities
than monometallic Mo/Al,O3 and W/AI,O3. Therefore, inactive Ni
greatly improves the catalytic performance of Mo and W. This
improvement can be explained by two reasons: (I) nickel species
in bimetallic catalysts introduce additional adsorption centres on
the catalyst surface, providing strong chemisorption of
thiophenel®®; moreover, Ni° is more active than NiOBY; (1) the
addition of Ni changes the electronic structure and redox
properties of W and Mo species that are responsible for the
oxidation of thiophene.

Indeed, according to XPS data, the addition of Ni to the catalysts
changes the oxidation state of Mo and W. The percentage of the
partly or totally reduced species (W*, Mo*, W° and Mqa°)
increases with the addition of Ni. We earlier showed for Mo, that
the co-existence of different electronic states enhances the
catalytic efficiency®2%3. For the catalysts studied in this work the
effect is the most prominent for W-containing samples:
NiW/AlLOz catalysts demonstrate the highest efficiency in
thiophene oxidation (Fig. 5). TOF values (Table 5) calculated on
the base of initial reaction rates and loadings of active Mo and W
metals confirm this conclusion. These values can only be used
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as an estimation because the number of active centres on the
surface is not known, so the metal loadings were used in this
calculation instead. Nevertheless, it is certain that calculated
TOF values in this case are very high. Orders of magnitude
lower values are characteristic for known catalysts of the
thiophene oxidation with hydrogen peroxide. Thus, at similar
reaction conditions the TOF value estimated from the data’® for
impregnated heterogeneous catalyst on the base of ammonium
polytungstate is 25 h't. The most efficient catalyst on the base of
HsPW12,040 and a catalytically active ionic liquid provides TOF
value of 140 h* % whereas TOF of LED prepared NiW/Al,O3
catalyst reaches 7700 h' (Table 5). The reason of this high
activity may be also related to the interface interaction providing
electron transfer between different electronic states of metals in
key stages of oxidation®”43 as it was described above for CO
oxidation.

The stability of catalysts in the considered process is very
important because the reaction mixture and the thiophene
oxidation product — sulfuric acid cause corrosion of the catalyst.
Because of this fact the catalysts in this work were tested for five
cycles, feeding new batch of reagents in each cycle. The
catalytic properties of mono- and bimetalic Mo and W-
containing catalysts are compared in Table 5. Thiophene
conversion on monometallic catalysts decreased in each
consecutive cycle and after 3—4 cycles these catalysts became
inactive. In contrast, bimetallic catalysts showed higher stability.
The thiophene conversion on NiMo/Al,Og; slightly decreased with
increasing the number of cycles. NiW/AI,O3; showed the highest
stability: no changes in thiophene conversion were observed
after five cycles. The stability of this catalyst was also confirmed
by lower destruction of alumina granules of the support in the
aggressive reaction medium. It could be connected with the
core-shell structure of LED catalysts and the presence of various
WI/Mo states including Me® in bimetallic catalysts. Moreover, the
metal oxide layers covering metal nanoparticles and the strong
interaction of finely dispersed species with the support may
prevent their sintering as well as loss of active phase as a result
of diffusion of active components(®¢l.

Unfortunately, the low content of metals (10 wt.%) limits the
physicochemical analysis of the structure of these catalysts and
the nature of interface interactions; thus, temperature
programmed reduction and XRD methods provide no
information. Reliable conclusions about their structure can be
made based on TEM, SEM and XPS studies. Due to the “core-
shell” structure of LED catalysts, the XPS method turned out to
be the most informative. But we can definitely say that the
introduction of Ni that is inactive in thiophene oxidation into W or
Mo LED catalysts supported on the surface of alumina enhances
both the activity and stability of bimetallic catalysts.
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Table 5. Catalytic properties of mono- and bimetallic alumina supported
catalysts comprising Ni, Mo and W. TOF were calculated taking into account
only the content of Mo and W active components.

Thiophene conversion (%)

Catalyst Me, % TOF, h' in catalytic cycle, 60°C
1 2 3 4 5
NiMo/Al.03 0.004 6300 41 34 30 31 29
NiW/Al203 0.007 7500 53 50 53 51 52
NiW/Al203 0.005 7700 43 42 43 41 42
Mo/Al203 0.005 1900 34 30 26 Inactive Inactive
WI/AI2O3 0.005 4100 30 27 21 15 Inactive

Conclusions

This work demonstrated the possibility of the size-selective “dry”
technique of laser electrodispersion (LED) for deposition of
bimetallic coatings (NiPd, NiMo, Niw) on flat and granulated
carbon and oxide supports. For this purpose, both alloy and
compacted metal powders can be used as targets for the laser
exposure, and the target composition will determine metal ratio
on the catalyst surface. The coatings comprise metal
nanoparticles several nanometers in size uniformly distributed
over the support surface. In accordance with EDS and XPS both
metals are located at the same areas on the outer support
surface and contact with each other. As a result, new electronic
states of metals and metal-oxide interfaces are formed in
bimetallic coatings.

The uniform distribution of finely dispersed metal particles, along
with the existence of both metallic and oxidized states of metal
atoms provides the high concentration and availability of active
sites in LED catalysts. However, an accurate estimate of the
metal states and interface nature in these low-loaded catalysts is
now a rather difficult task. XPS study was found to be the most
informative method due to “crust-like” structure of LED systems.
The fraction of oxidized and reduced metal forms can be tuned
depending on metal loading and the nature of a support
(alumina or carbon). The optimal ratio between these forms and
the interaction between two metals provide significant
improvement of catalytic action in comparison with monometallic
counterparts and usual supported catalysts prepared by
chemical methods.

Bimetallic LED catalysts with very low metal loading (mainly
0.005 wt.%) demonstrated high activity and stability in
environmentally  important  reactions: carbon monooxide
oxidation with O, on NiPd and tiophene oxidation with H,O, on
NiW(Mo). Due to the presence of reduced metals on the surface
of LED catalysts they are very stable in the corrosive reaction
medium of oxidative desulfurization.

Thus, LED technique opens new ways for developing of highly
active and stable catalysts, not only monometallic, but also
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bimetallic, with ultra-low metal loading. The proposed LED
method is one-stage, well controlled and does not require the
use of solutions of chemicals and solvents, which makes it very
promising for the design of bimetallic catalysts for different redox
reactions.

Experimental Section

Pure metal targets (Ni, Pd, Mo, W) were used for deposition of
monometallic particles on a support by LED. The bimetallic NiPd
catalysts were synthesized from NiPd (atomic ratio 77:23) alloy target as
described inf*4, while compacted mixture of metal powders with the
Ni:W(Mo) atomic ratio of 50:50 were used for the preparation of
NiMo/Alz03 and NiW/Al2O3 catalysts. The way of target production from
metal powder or the mixture of two metal powders is described in S2 SM.

Granules of y-Al203 (JPS “Katalizator”, Russia, S = 180 m?/g, 0.4-1.0 mm
grain size) and Sibunit®’, material composed of carbon black and
pyrolytic graphite (2.5-3.0 mm grain size) were used as supports for
catalyst preparation. During LED deposition of metals the granules of a
support were placed on a vibrating piezoceramic plate to achieve the

uniform distribution of metal particles on the support surface.

To determine the deposition rate of metal nanoparticles which is
important to estimate the metal loadings, a smooth flat substrate was
used as a support. A quartz thickness sensor was taken for this purpose,
and the shift of the resonating frequency from the initial value of 3.3 MHz
was measured during deposition. The measured deposited mass vs. time
dependences for the samples produced using mono- and bimetallic
targets are shown in SM, Fig. S12. In all cases the dependences were
close to linear. The calculated deposition rates (Table 6) are similar for
different metals, for bimetallic powder targets they are slightly higher.

Table 6. Deposition rates of nanoparticle coatings on the flat support by LED.

Metal Ni Mo | Pd W | NiPd | NiMo | Niw

Deposition rate,

o 19 |24 |39 ]| 30 5.0 7.0 4.0
pg/(cm?min)

The time (T) required for deposition of N layers of nanoparticles on the
external surface of pellets was calculated using the following equation:

where Pp — density of deposited metal particles, d — diameter of metal
particle, Ps— density of support pellets, D — diameter of support pellets,
M — support mass, v — deposition rate (Table 6), So= 3.14 cm? — area of
the cuvette densely filled with support granules. This equation takes into
account that nanoparticles are deposited only on the external surface of
pellets. The metal loading in the catalysts can be calculated using

equation:
d
c=n22
psD

Two model samples with different metal loadings (0.1 and 0.5 NPL) were
prepared by LED deposition of metal nanoparticles from Ni, Pd, and NiPd
targets on HOPG. Another type of model samples for TEM studies was
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prepared by the deposition metal nanoparticles from Pd (0.1 and 1.0
NPL) and NiMo targets on the copper TEM grids covered with carbon.
Estimated metal loading in catalysts on granulated Sibunit and Al2O3
supports are presented in Table S2, SM.

X-ray photoelectron spectra (XPS) were recorded on an Axis Ultra DLD

spectrometer (Kratos analytical, UK) using monochromatic AlKa radiation.

The pass energy of the analyser was 160 eV for survey spectra and 40
eV for high resolution scans. The Kratos charge neutralizer was used for
alumina supported samples and the spectra were charge-corrected to
give Al2p peak a binding energy of 74.7 eV.

The samples were studied by transmission electron microscopy (TEM)
on a JEOL JEM 2100F/UHR instrument (Japan) equipped with EDS
accessory. Bright field and high-angle annular dark field (HAADF) modes
were used.

The catalyst surfaces were examined on a JEOL JSM — 6000 NeoScope
scanning electron microscope with a built-in EX-230 energy dispersive X-
ray analyser. The images were recorded in the secondary electron
imaging (SEI) mode in a high vacuum at an accelerating voltage of 5 kV.
Catalysts were tested in CO oxidation using the pulse microcatalytic
method in a quartz tubular fixed-bed flow-type reactor. 100 mg of catalyst
was placed into the reactor on a Schott filter. Helium at atmospheric
pressure was continuously passed through the reactor at a flow rate of
60 ml/min. The stoichiometric reaction mixture (2 vol.% CO, 1 vol.% Oa,
97 vol.% He) was fed into He flow by pulses (10 pulses per hour) using a
six-way valve with a 1 mL gas loop.

The concentrations of CO and CO: in the reaction mixture were
measured by a GC (thermal conductivity detector; packed column
PorapakQ) using the EcoChrom software package for data processing.
The CO conversion was calculated from the GC peak areas of CO and
CO2 using pre-measured calibration curves. The steady-state CO
conversion for each reaction temperature was calculated after 4—-20
pulses.

Ni, Mo, and W catalysts were tested as described in5l. The model
mixture (10 ml of 1 wt.% thiophene solution in isooctane, 0.1 g of the
catalyst and 0.4 ml of 50% H202) was placed in a thermostated reactor
equipped with a stirrer. The process was carried out at 60 °C and
samples of the organic phase were periodically collected for GC-FID
analysis on a Kristall 2000M chromatograph (Chromatec, Russia) with a
capillary column (Zebron ZB-1, 30mx0.32mm i.d.x0. 5 pym). After a
standard 4-hour test, the liquid phase was drained and a new portion of
the reagents was fed in the reactor. This cycle was repeated 5 times.
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