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Abstract Au, NiO, and NiO/Au clusters of 2.5-16 nm,
supported on Al,O3, ZrO,, TiO,, and ZnO, were studied in
the purification of ethene feedstock from ethyne by hydro-
genation at 357 K. The Au, NiO, and NiO/Au catalysts
possessed 100 % selectivity to ethene. As the size of NiO
clusters decreased from 7 to 3 nm, the turnover frequency
(TOF) decreased from 812-1,023 to 276 h™'. In contrast
with NiO, Au activity increased with decreasing particle
size. NiO/Au catalysts possessed higher stability and activ-
ity in comparison with Au and NiO catalysts. The synergis-
tic gain on NiO/Au clusters (SG) calculated as TOFn;o/au—
TOF,—TOFy;0 was 1,466; 1,147; 563; and 569 h™' for
NiO/Au/Al,O5, NiO/Au/TiO,, NiO/Au/ZnO, and NiO/Au/
Zr0O,, respectively. The reasons of the observed catalytic
trends and the origin of the most active and selective sites
are discussed.

Keywords Synergism - Ethyne hydrogenation - DFT -
NiO/Au - Au - Heat of adsorption

Introduction

Ethene feedstock for polymerization coming from the stage
of hydrocarbons cracking contains 0.5-3 % of ethyne com-
pounds [1, 2]. Even such a small content of ethyne impuri-
ties quickly poisons Ziegler—Natta polymerization catalysts
[2, 3]. Thus, preliminary removal of alkynes via hydroge-
nation is necessary [1-4] Traditionally, the Ag/Pd catalysts
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HO-21 (BASF), G-58, and G-83 (Siid-Chemie) are
employed for the hydrogenation of C=C bond to C=C bond.
However, turnover frequency (TOF) and stability of Ag/Pd
catalysts are often low. Moreover, undesirable “green-oil”
and ethane by-products are usually formed on palladium
surface [3, 4]. Nowadays, the studies directed to improving
of catalytic properties of palladium-based catalysts are be-
coming less popular, giving way to the intensive searching
for alternative and high-performance palladium-free cata-
lysts for the ethyne hydrogenation [1-5].

Nano-sized gold is an effective catalyst for oxidation [6],
isomerization [7], cyclization [8], hydrodechlorination [9],
and other reactions [10, 11]. Composites based on bare gold
clusters demonstrate high activity and/or selectivity in hy-
drogenation of 1,3-butadiene [2], 1-propyne [12], and ethy-
nylbenzene [13] under the mild conditions. Bimetallic gold-
nickel catalysts also may possess the enhanced catalytic
properties in conversion of different hydrocarbons: n-butane
[14], allylbenzene [5, 7], and 2,4-dichloropfenol [9]. Thus,
the application of gold and gold-nickel clusters in selective
hydrogenation is very promising.

This work is an extension of studies of the catalytic
properties of Au and NiO/Au clusters in the hydrogenation
of ethyne derivatives [13, 15]. It was reported that Au/Al,04
catalysts possess high activity (up to 0.142 s ') in the
hydrogenation of ethynylbenzene into styrene at 423 K. A
synergistic effect was revealed for NiO/Au/Al,O5 in the
hydrogenation of ethyne into ethene [15]: The conversion
of ethyne on the NiO/Au catalysts was higher than the sum
of conversions on Au and Ni catalysts. It was found that
synergistic gain on NiO/Au clusters was maximized at
357 K, and Au/Ni ratio equaled 1:1 [15]. According to the
analysis of oxidation state of metals in gold-contained cata-
lysts [7], it was proposed that synergistic effect could be
caused by the formation of new Au®" catalytic sites. The
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goals of the present research were: (1) to study the regular-
ities of catalytic action of Au and NiO/Au clusters (Au/
Ni=1:1), supported on Al,O5, TiO,, ZrO,, and ZnO, in the
hydrogenation of ethyne—cthene mixture at 357 K; (2) to
study the impact of clusters shape and size to the catalysis
by gold, and (3) to determine the origin of the active gold
sites by density functional theory (DFT).

Experimental

Al O; (“Katalizator,” AOK-63-11) with a 160 m?*/g surface
area and an isoelectric point (IEP) equal to 7.0, TiO,
(“Degussa,” Aerolyst®7710, 50 m?/g, 6.0 IEP), ZrO,
(Degussa, Aerolyst®6100, 30 m?/g, 4.5 IEP), and ZnO
(Degussa, Aerolyst®9000, 36 m*/g, 10.0 IEP) were used
as the supports for metal clusters. Au/supports and Pd/
Al,O5 were produced by deposition—precipitation [15, 16].
In typical synthesis, 50 ml of the aqueous solution of
HAuCl, (or PdCl,) with 5.8x 10 °g/ml metal content was
adjusted to pH equal to the IEP of the support by adding the
aqueous solution of NaOH (0.1 M). Then 1 g of the support
was dispersed in the solution with stirring for 1 h at 307 K.
The precursor obtained was washed to remove NaCl. The
degree of NaCl removing was controlled via AgNO; test.
Then the sample was dried for 24 h at 298 K and calcined
for 3 h in air at 623 K.

Monometallic NiO samples were prepared by impregna-
tion of the calcined support (3 h, air, 623 K) with the
aqueous solution of Ni(NOs),, corresponding to the pore
volume of the support, followed by drying for 24 h at 298 K
and calcining for 3 h in air at 623 K [15]. Bimetallic NiO/
Au/supports and Ag/Pd/Al,0; were produced by pore vol-
ume impregnation of fresh Au/supports and Pd/Al,O; with
the aqueous solution of Ni(NO3), and AgNOs, respectively.
The precursors obtained were dried for 24 h at 298 K, and
calcined for 3 h in air at 623 K.

The metal contents in catalysts were determined by atom-
ic absorption on a Thermo iCE 3000 AA spectrometer. The
metals were preliminarily removed from the support by
washing with aqua regia (HCI/HNOs=4:1). The relative
error of metal content determination was less than 1 %. X-
ray diffraction (XRD) patterns were accumulated with a
Rigaku D/MAX 2500 instrument using Cu K(a) radiation
with a step size of 0.02° two-theta (26) over the range 35—
70°. Transmission electron microscopy (TEM) and energy-
dispersive X-ray (EDX) analysis of catalysts were carried
out on a JEOL JEM 2100F/UHR microscope with 0.1 nm
resolution and a JED-2300 X-ray spectrometer, respectively.
The size of spherical (SPH) and distorted (DIS) particles
was calculated as diameter and maximum linear size, re-
spectively. For each catalyst, 300-380 particles were pro-
cessed to determine the particle size distribution. The
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average particle size was determined as the average size of
the most frequent particles. The concentration of SPH par-
ticles in the sample was calculated as C(SPH)=n(SPH)xNx
100 %, where n(SPH) is the number of SPH particles, N
(300-380) is the number of processed particles. The con-
centration of DIST particles was calculated in the same
manner.

The hydrogenation of ethyne—ethene mixture was carried
out using a fixed-bed flow reactor. A catalyst (I g) was
placed in a quartz reactor and heated to 357 K for 1 hin a
stream of H,. The gas mixture containing C,H,, H,, and
C,H4 in a 1:2:20 ratio was passed through the catalyst at a
flow rate of 720 h™'. The reactor effluents were analyzed
with Tcvet-800 gas chromatograph equipped with a
flame ionization detector and a 30-m PoropakT capillary
column. The ethyne conversion was calculated as
A(C2Ha)=[x0(C2Ha) = Xi(C2Ha) ] [xo(C2Ho)] ' ¥100 %,
where yo(C,H;) is the molar concentration of C,H, in
the initial gas mixture, and x;(C,H,) is the molar con-
centration of C,H, in the products after time on stream
(1). The selectivity of the ethene formation was deter-
mined as S(CaHg)=[(xi(C2Ha)~x0(C2Ha)] ¥ A(CoHy) ',
where xo(C>Hy4) and x;(C,H4) are the molar concentra-
tions of C,H, in the initial gas mixture and in the
products after reaction time (i), respectively; A(C,H,)
is the ethyne conversion. The reproducibility of the
catalytic measurements was +2 % with respect to the
absolute value of conversion and selectivity.

TOFs were calculated by equation TOF=4xB 'x7 ! as
described in Mohr et al. and Okumura et al. [17, 18], where
[4]=[mole] is the amount of ethyne converted per the reac-
tion time [f]=[/4], [B]=[mole] is the amount of the surface
atoms in deposited clusters. B was calculated as (Bowi(Au)+
Biotal(N1))X D, where Biy1(Au) and By,i(Ni) is the total
moles of Au and Ni in the sample, respectively, [D] is the
surface-to-volume ratio for clusters with different average
sizes given in Mohr et al. and Okumura et al. [17-19].

The calculations of C,H,, C,Hy4, and H, adsorption on
Au;, were performed within DFT framework using
Perdow—Burke—Ernzerhof functional [20]. Relativistic
effects of gold were taken into account in scalar—relativistic
approach using Dirac—Coloumb-Breit Hamiltonian modi-
fied by Dyall [21]. The basis sets as implemented in the
Priroda 06 program [22] were used in the calculations (Au
{30s29p20d14f}/[8s7p5d2f]; H {6s2p}/[2slp]; C
{10s7p3d}/[3s2p1d]). Auy, cluster was considered as a
model. It has a dynamic structure [23] and co-exists in flat
(two-dimensional (2D)) and three-dimensional (3D) struc-
tures that allowed us to study the dependence of adsorption
properties on the structural features of gold particles.

The adsorption energy of RH molecule (£,4q(RH), RH=
C,H,, C,Hy, Hy) on Au;, was calculated as E.4(RH)=F
(Au;)+E(RH)—E(Au,RH), where E(Au;,) is the total
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energy of an isolate gold cluster, E(RH) is the total energy of
isolate hydrocarbon, E(Au;,RH) is the total energy of the
hydrocarbon absorbed on Auj,. All the total energies in-
cluded zero-point vibration energies. The heats of adsorp-
tion (Q) were calculated at 298 K on the basis of the
formulas of statistical thermodynamics in the approximation
of rigid rotato-harmonic oscillator. The calculation of all the
structures was performed in singlet ground state. The types
of stationary points on the potential energy surface were
determined from the analysis of Hess matrix; the second
derivatives were calculated analytically [23].

Results and discussion

In the present work, some M/X catalysts (M=Au, NiO, NiO/
Au; X=Al,0;3, TiO,, ZnO, ZrO,) numbered from Nel to
Nel2 and reference Ag/Pd/Al,0; catalyst ([Pd]=
0.021 wt.%; [Ag]=0.006 wt.%) were synthesized. The actu-
al metal loadings in the samples Nes 1-12 are presented in
Table 1. The actual gold content in the samples prepared by
deposition—precipitation was 0.018-0.024 wt.% that is low-
er than theoretical loading. The loss of gold is attributed to
washing treatment during the preparation [10]. The actual
concentration of Ni in the impregnated samples was 0.006—
0.007 wt.% that is in agreement with theoretical weight
percent. The molar ratio of Ni/Au in bimetallic samples
was close to the desired 1:1 ratio.

The size and shape of supported NiO, Au, and NiO/Au
particles

The structural features of supported particles in the samples
Nos 1-12 are presented in Figs. 1, 2, 3, and 4 and Table 1.

The particle size distributions in Ni samples were monomo-
dal (see Fig. 1 as representative). The sizes of detectable
nickel particles varied from 2 to 17 nm (Table 1). The
average particle size in NiO/Al,O3, NiO/TiO,, NiO/ZnO,
and NiO/ZrO, was 3, 4.5, 7, and 7 nm, respectively
(Table 1). The increase in particle size of NiO during
transition from Al,O; to ZrO, could be caused by the
decrease of the surface area of a support, which favors
segregation of clusters during the calcination [3—5]. The
shape of the NiO particles, deposited on Al,Os, was nearly
spherical (Fig. 1). The similar shape was observed for NiO
particles immobilized on TiO,, ZnO, and ZrO, (Table 1).
The obtained results are in agreement with the shape of
nickel particles immobilized by impregnation from the
aqueous solution of Ni(NO3), [9].

The particle size distributions in Au/Al,O5 (Fig. 2, Nel)
and monometallic gold samples Nes 4, 7, and 10 were
monomodal and varied from 2 to 23 nm (Table 1). The
average particle size of Au in Au/Al,O3;, Au/TiO,, Au/
Zn0O, and Au/ZrO, was 2.5, 8, 10, and 9 nm, respectively.
The shapes of the supported Au particles were spherical
(Table 1) that is in agreement with the shape of Au particles
on the same supports immobilized by deposition—precipita-
tion from HAuCl,xaq [10, 24].

The deposition of NiO particles on the Au catalysts
resulted in a broadening of particle size distribution (see
Figs. 1, 2, and 3 and Table 1). The shift of the average
particle size to higher values was detected in bimetallic
samples in comparison with corresponding monometallic
ones (Table 1). The observed trend could be caused by the
formation of decorated M;/M, clusters, whose sizes are
larger than M; and M, [3-5, 14]. The presence of NiO/Au
particles in the bimetallic samples was confirmed by the
TEM-EDX analysis. The TEM micrograph of the gold—
nickel catalyst and the EDX elemental maps of Au and Ni

Table 1 The structural proper-

ties of supported particles M Ne Support [Au] [Ni] Sizes L M shape, % TOF SG
(M=Au, NiO, NiO/Au) and syn- - 4 .
ergistic gain (SG) on NiO/Au wt.% wt.% nm nm SPH DIS h h
particles
1 Al,O3 0.018 2-6 2.5 100 0 36 1,466
2 0 0.006 3-10 3 100 0 276
3 0.018 0.006 2-13 5 60 40 1,778
4 TiO, 0.02 0 4-12 8 100 0 28 1,147
o ) 5 0 0.006 4-17 4.5 100 0 402
The synergistic gain on NiO/Au 6 0.02 0.006 305 13 63 32 1,577
clusters (SG) was calculated as
differences between TOFyio/au 7 ZnO 0.024 0 3-18 10 100 0 0 563
~TOF,,~TOFyo, after 735 min 8 0 0.006 2-16 7 100 0 1,023
of reaction 9 0.024 0.007 3-23 14 74 26 1,586
L average particle size, SPH 10 ZrO, 0.021 0 2-21 9 100 0 0 569
spherical shape, DIS distorted 11 0 0.006 3-12 7 100 0 812
(nonspherical) shape, TOF tum- |3 0.021 0.006 2-28 16 81 19 1,381

over frequency
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Fig. 1 TEM image of the NiO/Al,O3 (a) and particle size distribution (b)

are presented in Fig. 4. The elemental maps of bimetallic
sample contained individual particles of Au and NiO (Au
Mo and Ni K« signals from these clusters do not overlap)
along with mixed particles of NiO/Au (overlay Au Mo and
Ni K« signals from the same particle).

The fraction of NiO/Au particles in the bimetallic
catalysts Nes 3, 6, 9, and 12 ranged from 40 % to
19 % from the total number of supported particles.
The size of NiO/Au particles varied from 4 to 20 nm,
and the average size was always larger in comparison
with Au and NiO. An important feature of NiO/Au
clusters was their distortion (deviation from spherical
shape) (see Fig. 4), which may be caused by the inclusion of
NiO clusters into the surface of Au nanoparticles during the
stage of catalyst preparation.

@ Springer

The catalytic properties of NiO, Au, and NiO/Au
nanocomposites

The conversion, selectivity, and durability of catalysts Nes
1-12 tested in hydrogenation of ethyne—ethene mixture at
357 K are presented in Figs. 5, 6, and 7, the calculated TOFs
are summarized in Table 1. After hydrogen treatment, NiO
particles with size of 3—4.5 nm supported on Al,O; and
TiO, showed 18-22 % ethyne conversion (Fig. 5). At these
conversions, the selectivity to ethene on NiO catalysts was
high—95-99 % that is in agreement with the results
obtained in Zhang et al. [25]. The initial TOF of NiO/
AlLO5 and NiO/TiO, was 497 and 608 h™', respectively
(Table 1). The TOFs of 3 nm NiO particles are lower by

30

25

20 -

15 4

10
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Size of Au clusters, nm
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Fig. 2 TEM image of the Au/Al,O3 (a) and particle size distribution (b)
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Fig. 3 TEM images of the NiO/Au/Al,O5 (a) and particle size distri-
bution (b)

one to two orders of magnitude in comparison with C=C
bond hydrogenation activity of 3—10 nm clusters of Pt [26]
and Ag/Pd [25] supported on Al,O;.

The 7 nm NiO particles supported on ZnO and ZrO,
showed better activity in comparison with 3—4.5 nm NiO
particles supported on Al,O3 and TiO, (Table 1). The
negative-size effect of activity is the known feature of Pd,
Pt, and Ni catalysts attributed to irreversible adsorption of
unsaturated compounds on small clusters [3, 4, 10]. Accord-
ing to data presented in del Angel et al. [26], the TOF of Pt
and Pd clusters decreases from 780 to 480 and from 9,910 to
8,640 h™! as the cluster size decreases from 12 to 3 and from
10 to 3 nm, respectively. The reason of the better activity of
larger NiO particles can also be influenced by their reduc-
ibility. The rate-determining step in hydrogenation is usually

a dissociative adsorption of H, that takes place at Ni° sites
not at Ni*" [4]. Keane and Medina showed that large NiO
clusters are reduced much easier to Ni® in comparison with
small NiO clusters that strongly interact with surface groups
of the support [9, 27]. Therefore, the 7 nm NiO of the
sample Nes 8 and 11 possess higher activity in hydrogena-
tion in comparison with the 3 and 4.5 nm NiO of the sample
Ne 3 and Ne 5 (Table 1).

The stability of supported NiO clusters was low (Fig. 5).
After 735 min of the reaction, the color of NiO/Al,O3 and
NiO/TiO, became darker, and TOFs decreased by approxi-
mately 55 % and 49 %, respectively. The same trends were
observed for NiO/ZnO and NiO/ZrO, (Fig. 5). The most
probable mechanism of nickel deactivation is due to
green-oil formation as described in Borodzinski et al.
and Nikolaev et al. [3, 4].

A 1.5 % conversion of ethyne with 100 % selectivity to
ethene was detected on 2.5 nm Au deposited on Al,O;
(Fig. 6). The high selectivity of Au/Al,Oj3 is in agreement
with results of Jia [28] and Gluhoi [29] reported that ethyne
was hydrogenated to ethene on Au/Al,O3 with 100 % se-
lectivity at 313—523 K. The initial TOF for 2.5 nm Au was
36 h™! that is in agreement with gold hydrogenation activity
[1, 13, 15, 18] and lower in comparison with the activity of
either NiO (Table 1) or Pt and Pd clusters of the same size
deposited on alumina [26, 30].

The positive-size effect of activity was found for gold
catalysts. As the size of gold decreases from 8 to 2.5 nm, the
initial TOF increases from 28 to 36 h™' (Table 1). The better
hydrogenation activity of 2.5 nm gold particles can be
explained if the chemisorption of H, is dependent on gold
particle size. Our recent research on the TOF of Au particles of
different sizes (2-30 nm) in hydrogenation of ethynylbenzene
[13] and studies by Bus [30, 31], Serna [32], Boronat [33], and
Jia [28] have proved the positive influence of small gold
clusters on hydrogenation rate. It was concluded that H, is
dissociatively adsorbed only at the corners and edges of the
supported gold particles [34, 35]. Gold atoms at the corner and
edge sites have a low coordination number compared with
face atoms and thus have a more reactive d-band, resulting in
these atoms to be able to interact more easily with H, [30] and
facilitate the H, dissociation.

It is interesting to note that almost identical 8-10 nm Au
clusters supported on ZrO,, ZnO, and TiO, possess different
hydrogenation properties. Whereas Au/ZrO, and Au/ZnO
are inactive, Au/TiO, converts 0.5 % of ethyne into ethene.
It seems that the higher hydrogenation activity of Au/TiO; is
due to specific metal-support interaction. Fujitani [36] find
no HD formation between H, and D, other than on Au/
TiO,. No HD formation was observed at any single-crystal
surface (Au(111), Au(311), and TiO,(110)). This suggests
that the bulk gold and TiO,(110) surface did not make H,
dissociate, whereas the Au/TiO, surface did. Recent DFT
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Fig. 4 TEM image of the NiO/
Au/Al,05 (a); EDX elemental
maps of the Au M« (b) and Ni
Ko (e) and typical TEM images
of the NiO/Au particles

study [37] proved this phenomenon. Yong revealed the
favored heterolytic dissociation of H, with £,=0.37 eV at
the perimeter sites of Au/TiO,, where Au atom and a nearby
surface Og,> were involved. As a result of this process,
oxygen atoms near the perimeter were passivated. Further
H, dissociation occurred on pure gold atoms via a homolytic
mode with £,=0.64 eV [37].

Some contribution to the observed decreasing of TOFs in
the row Au/Al,O3>Au/TiO,>Au/ZnO>Au/ZrO, (Table 1)
could be provided by OH groups and metal cations of the
supports. Thus, Zhang reported that dehydroxylated Au/
ZrO, was inactive in semi-hydrogenation of 1,3-butadiene
but became active after regeneration of the surface -M—O—

50
40
2
= NiO/Zn0
=
‘E 3‘] j"
-]
-
TN .
: - L
£ ————l NiO/TiO,
z
-]
4 10 NiO/AlLO,
0

15 105 195 285 375 465 555 645 735
Time on stream, min

Fig. 5 Hydrogenation of ethyne-ethene mixture at 357 K over NiO

catalysts Ne 2, 5, 8, 11. The metal loading of Ni in samples is
0.006 wt.%
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M- groups by water treatment [38]. Hydroxyl groups on
ZrO, were proposed to supply protons for hydrogenation
and according to H/D exchange reactions between D, and
the —OH groups occurred at above 323 K [38]. The specific
surface of supports decreases in the row Al,O3>TiO,>Zn0O
>7r0,, thus the concentration of hydroxyl groups in Au
catalysts decreases during the transition from Al,O3 to
ZrO,. As a result, the positive contribution of hydrogen
from hydroxyl groups to the hydrogenation decreases.

100
NiO/Au/Al,0,

N o —¢— 0 o —— —

NiO/Au/Zn0O

A
r

Acetylene conversion, %

40 I'., SN ___Nio/au/zro, Nio/Au/TiO,
30 e
\_\
20 .
.— Ag/Pd/AlO,
AufTiO — 8-
K HTOs Au/AlL0, e e
'] e — = - - =]

15 105 195 285 375 465 555 645 735

Time on stream, min

Fig. 6 Hydrogenation of ethyne-ethene mixture at 357 K over Au
catalysts Ne 1, 3, 4, 6,9, 12 and Ag/Pd catalyst. The metal loadings
of Pd and Ag are 0.021 and 0.006 wt.%, respectively. The metal
loadings of Au and Ni are 0.018-0.02 wt.% and 0.006-0.007 wt.%,
respectively



Gold Bull (2012) 45:221-231

227

14000 - (111) (200)

12000 -

10000

8000 @311)
1

6000 -

Intensity, ab. units

4000 -

2000 -

0 L e L T L e e
35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
20

Fig. 7 Powder X-ray diffraction patterns for a 0.21 % Au/ALOs, b
0.15%Ni/Al,03, and ¢ 0.21%Au+0.21%Ni/Al,O5. Planes (111), (200)
are attributed to gold clusters. Planes (317), (222), (400) are attributed
to alumina support

The metal cations of the supports are of importance in the
adsorption and activation of reactants [39, 40]. It was sug-
gested that cooperation of coordinatively unsaturated Au
atoms and the acid—base pair site (Al1°*~0°") play an impor-
tant role as in H, dissociation step and preferential adsorp-
tion of hydrogenated group [39]. Alumina is the oxide with
strong Lewis acid sites that able to activate the C—H bond of
ethyne directly on the M®*—O° pairs [40]. A decrease in the
Lewis coordinative activity was found for the metal cation
of basic oxides (CaO, ZnO, and MgO). The weakening of
Lewis acid sites decreases the ability to form the acetylide
species (ZrO,) up to the full inactivity (SiO5).

The durability of active Au/TiO, and Au/Al,O; catalysts
was higher in comparison with nickel samples: No decrease
in conversion occurred during 735 min (Figs. 5 and 6). The
high durability of gold catalysts in hydrogenation of ethyne
at 357 K is in good agreement with results of Jia [28], Zhang
[38], and Azizi [41]. For example, Azizi and co-workers
investigated the hydrogenation of ethyne and the formation
of carbonaceous deposits using Au/CeO,. The catalysts
were prepared by direct anionic exchange, which produced
catalysts with an average gold particle size of 2 nm. Hy/
C,H, ratios between 3 and 60 were tested in the temperature
range 300-673 K. An ethene selectivity of 100 % was
observed for all H,/C,H, ratios up to 573 K. Above
573 K, the deactivation occurred swiftly and was accompa-
nied by the decreased selectivity.

The decoration of Au by NiO led to a sharp increase in
ethyne conversion up to 90 % while the selectivity still
remains 100 %, and the time of stable operation remains at
least 735 min (Fig. 6). Moreover, the activity and stability of
NiO/Au catalysts at 357 K were found to be higher than the
activity and stability of reference Ag/Pd catalyst for

selective hydrogenation prepared by the same method as
NiO/Au catalyst (Fig. 6). The conversion of ethyne on
NiO/Au catalysts was higher than the sum of conversions
on NiO and Au catalysts (Fig. 6) that points out the syner-
gistic activity of NiO/Au catalysts. The synergistic gain on
NiO/Au clusters (SG) after 735 min of time on stream was
1,466; 1,147; 563; and 569 h™' for NiO/Au/AlL,O5, NiO/Au/
TiO,, NiO/Au/ZnO, and NiO/Au/ZrO,, respectively
(Table 1).

The synergistic effects of activity resulted from the inter-
action between M; and M, metals can be attributed to the
formation of alloy [3, 5, 8, 14, 42]. Besenbacher observed
the formation of Au—Ni alloy in Au—Ni/MgAl,0O,4 catalyst
with extremely high metal loading (Au+Ni=17 wt.%) after
reduction at 823 K [14]. The obtained catalyst possessed the
enhanced catalytic properties in n-butane steam-reforming.
Zhang prepared Au,Niz intermetallic alloy by melting the
mixture of gold and nickel at 1,333 K [42]. This alloy
exhibited the synergistic activity in electro-oxidation of for-
mic acid. It was reported that, compared with the standard
spectrum of pure Au, the diffraction angles of Au—Ni sam-
ple were shifted to the higher positions, reflecting Au—Ni
alloy with lattice contraction due to the partial substitution
of Au by Ni [42]. The attempts to obtain the XRD reflexes
from supported metals of the sample Nes 1-12 were failed
due to the low concentration of gold (0.018-0.024 wt.%)
and/or nickel (0.006-0.007 wt.%). The XRD patterns of
specially prepared samples with relatively high metal con-
tents (0.15-0.42 wt.%) are presented in Fig. 7. The XRD
pattern of NiO/Au sample (Au=Ni=0.21 wt.%) was de-
scribed by the sum of XRD patterns of the gold and nickel
catalysts (Fig. 7). No new reflexes or shifts of Au reflexes
toward larger values pointed at alloy formation, as described
in Lijuan et al. [42], were detected. The obtained XRD
results allowed us to exclude the formation of new Au—Ni
compounds in our samples with a high degree of certainty.
Moreover, the synthesis of Au—Ni alloy [14, 42] was carried
out at 823—1333 K and high metal contents (17-100 wt.%).
Thus, alloy formation is not possible at the temperatures and
metal loadings employed in our study.

The synergism in M;—M, activity also can be attributed
to the formation of the new structural sites. For example,
Keane linked the increase of the rate of 2,4-dichlorophenol
hydrodeclorination on Au/Ni/Al,O3 with decoration of
nickel clusters with gold ones [9]. It was proposed that the
Au component served to adsorb and activate the C—Cl1 bond
whereas the H, dissociated at the Ni°. The addition of tin to
the Pt/SiO, catalyst produced a remarkable positive shift in
both the product distribution and TOF in the liquid-phase
hydrogenation of unsaturated aldehyde to corresponding
alcohols [43, 44]. The simultaneous increase in both activity
and selectivity indicates the formation of a new type of
mixed (M*")/(Pt)° clusters, different in nature when
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Fig. 8 The optimized structures of flat (2D) and three-dimensional
(3D) Auy, clusters and the most stable complexes of Au;, with hydro-
gen, ethene, and ethyne molecules

compared with the original Pt and M ones. The promotion
effect was proposed due to a (M*") activating the C=0 bond,
which becomes easily hydrogenated. The building of mixed
(M})/(M) clusters is very similar to what is occurring in the
well-known strong metal support interaction between reduc-
ible oxide support and deposited metal clusters [1-5, 10].

Our investigations of model Au, Ni/Au, and Ni catalysts
by XPS, DRIFT, and XAS techniques showed that nickel in
both Ni/Au and Ni catalysts exists as NiO, gold in the Au
catalyst exists as Au’ nanoclusters, whereas the Au’ nano-
clusters co-exist with Au®" cations in the NiO/Au samples
[7]. Then, the first probable explanation (I) of synergistic
activity between NiO and Au in ethyne hydrogenation
(Table 1) could be due to the electron transfer from the
electron-rich Au® particles to the electron-deficient NiO that
give new Au®" catalytic sites.

According to the TEM data of the present research, there
is a new significant fraction of distorted Au structures in
NiO/Au catalysts (Table 1). Moreover, the concentration of
distorted particles is correlated with SG values. It is known
that the deviation from spherical shape of the particle led to
increase in surface corners and edges [5]. Thus, the second
explanation (II) of synergistic activity can be linked with the
formation of new Au structural sites with a low coordination
number in NiO/Au clusters.

The nature of Au activation in NiO/Au clusters

The DFT calculation of H,, C,H, and C,H,4 on flat Au;,
(2D) and Au;, (3D) containing flat, corner and edge
atoms, were performed to test the reasonability of the
explanations (I) and (II). The optimized structures of the
most stable (2D) and (3D) Au;, isomers are shown in
Fig. 8. The calculated heats of adsorption of substrates are
listed in Table 2.

The calculated heat (Q) of dissociative adsorption of H,
on the flat Au,’ (2D) was equal to 40 kJ/mol (Table 2).
During transition to uncharged Au;,® (3D) structures that
contain flat elements (planes) and structural defects (corners
and edges), the O(H,) increases up to 78 kJ/mol. The
obtained results confirmed the existing hypotheses on the
positive impact of cluster defects to the activation of H, [13,
30, 32-35] and are in agreement with explanation of NiO/
Au synergy (II).

The presence of a positive charge on the Au;, (2D) and
Auj, (3D) clusters led to an increase in the Q(H,) by 23
and 2 kJ/mol, respectively (Table 2). These results are in
good agreement with the results of Zhang et al. [45, 46].
This group used Au/ZrO, to investigate the effects of
Au’*/Au® ratio on 1,3-butadiene hydrogenation. It was
reported that metallic Au® atoms at the surface of the gold
particles were not the only active catalytic sites and that
isolated Au®" ions were the most active [45, 46]. The
enhanced activation of H, on charged gold could be
explained by mechanism of Au,—H, formation. Recently,
Gao and Lyalin in their DFT calculation [47] showed that
H, dissociates at the low coordinated corner Au atom with
formation of the slightly bent H-Au—-H bond. The main
feature of the formation of this hydride structure is the
catalytic oxidation-reduction cycle M"—>M""?—M". In
the case of non-charged zero-valence gold nanoparticles,
this cycle should look like (Aup: 1)’ — (Auy)Au— (Auy: )’
But these valence changes seem to be improbable for gold, as
the typical gold oxidation states are 0, +1, and +3 rather
than +2. However, if supported gold nanoparticles may carry
a positive charge +3 or +1, then a highly probable catalytic
cycle with common gold valences will be obtained:
(Auy)Au'' - (Au,)Au" — (Au,)Au’.

Table 2 The calculated heats of
adsorption (Q) of C,H,, C,Hy, RH
H, (kilojoules per mole) on the

Type of adsorption

0 (RH) on Auy,” (2D) O (RH) on Au;,” (3D)

flat zero-valence Au,;,° (2D), z=0 Z=+1 Z=0 Z=+1

positively charged Auj,” (2D),

three-dimensional zero-valence H, Dissociative 40 63 78 80

Auy,’ (3D), and three- C,H, 1 Complex 88 132 90 147

dimensional positively charged

Auy,* (3D) clusters C,H, TE.COI‘IlpICX 75 113 73 129
di-c Complex 59 102 98 134
Bridge complexes (+ and ||) - - 1391 172 ||
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The adsorption of ethene on Au,,° (2D) was accompanied
by the formation of 7t-complex with one of the atoms in the
cluster, while the adsorption of ethyne can be realized through
7- and di-o bonding (Table 2). The adsorption of C,H4 on
Au;,” (3D) occurred through the formation of 7t-complex, and
O(C,Hy4) was slightly higher than O(C,H4) on Auy,” (2D)
(Table 2). The increase in the heat of adsorption was also
detected for ethyne r-complex during transition from Au,°
(2D) to Auy,” (3D). It was also revealed that ethyne on Au;,°
(3D) can form a new type of coordination—perpendicular (1)
and parallel (||) bridges (Fig. 8), with the high heat of adsorp-
tion (Table 2). Our calculation trends are in good agreement
with results obtained in Jia et al. and Segura [28, 48]. Jia et al.
[28] have shown that, at 273 K, the amount of ethyne adsorbed
on 3.8-nm gold particles immobilized on Al,O; was 18 times
greater than that of ethene. Moreover, in contrast to ethene,
adsorption of ethyne was irreversible. Segura [48] has demon-
strated that 4-nm gold nanoparticles supported on CeO, are
extremely selective in the hydrogenation of C=C bond in
ethyne—ethene mixtures. His DFT calculation shows that differ-
ences in binding energy Ey,(C,H,)-E(C,H,) on flat Au,o” (2D)
surface and on Auye’ (3D) cluster are 0.08 and 0.66 eV, re-
spectively. Segura attributed the high selectivity of gold to the
preferential adsorption of C=C bond compared with C=C bond
at the edges of gold clusters. Thus, Au defects favor the
selective ethyne adsorption and its further conversion.

Ethyne and ethene are Lewis bases sensitive to electron
acceptors [4, 5, 40]. An increase in the surface positive charge
on Au due to electron transfer [7] improves the electron
acceptor properties of gold and thereby should lead to stronger
adsorption of ethyne or ethene on Au®" than on Au® and,
therefore, increase the probability of the chemical reaction.
Table 2 shows that positive charge on the flat as well as on the
Auy," (2D) and Auy," (3D) cluster leads to an increase in the
heat of adsorption of ethene in 7t-complex up to 132 and
147 kJ/mol, respectively. Surprisingly, the calculated heats
of adsorption of ethyne (113 and 102 kJ/mol for 7- and di-o
form, respectively) were smaller in comparison to the heat of
adsorption of ethene on flat gold surface, but the positive
impact to growth of heat of ethyne adsorption remained un-
changed. Moreover, the heat of ethyne adsorption in the most
stable ( ||) bridge form on Au,," (3D) increased up to 172 kJ/
mol, which is larger by 25 kJ/mol in comparison with the heat
of ethene adsorption on Au;, ' (3D). Thus, positive charge on
3D clusters of Au favors preferential ethyne adsorption and
increases its further conversion.

Conclusion
Monometallic Au and NiO particles supported on Al,O3,

TiO,, ZnO, and ZrO, possess 95-100 % selectivity to eth-
ene in hydrogenation of ethyne—ethene mixture at 357 K.

The negative-size effect was revealed for NiO particles: As
the size of NiO clusters decreases from 7 to 3 nm, the TOF
decreases from 812—1,023 to 276 h™'. In contrast to NiO, the
size effect of activity was found to be positive for Au. As the
size of gold decreases from 8 to 2.5 nm, the TOF increases
from 028 to 36 h™'. The observed size trends of TOF result
from different abilities of gold and nickel to adsorb and
activate the ethyne, ethene, and hydrogen.

The bimetallic NiO/Au catalysts possess 100 % selectiv-
ity to ethene and higher activity and stability in comparison
with mono- and bimetallic catalysts based on Pd, Ag, and
Ni. The decoration of Au by NiO led to increase in TOFs of
NiO/Au catalysts up to 1,778 h™'. The synergistic gain on
NiO/Au clusters calculated as TOFy;0/40— TOFA,—TOFy;0
was 1,466; 1,147; 563; and 569 h™! for NiO/Au/AL,O5 NiO/
Au/TiO,, NiO/Au/ZnO, and NiO/Au/ZrO,, respectively.
The formation of Au®" in NiO/Au particles and deviation
of NiO/Au clusters shape from the spherical were detected.
Using the methods of quantum chemistry, it was shown that
distorted 3D and/or positively charged gold structures favor
a dissociative adsorption of H, and preferential adsorption
of ethyne from ethyne—ethene mixture.
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